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Abstract 
 
Phytoextraction involves the removal of heavy metals from contaminated sites using 
hyperaccumulators such as Noccaea caerulescens F.K.Meyer (formerly Thlaspi caerulescens) 
which is a well-known Zn hyperaccumulator and a model species for hyperaccumulator studies. 
This PhD thesis investigates the zinc response of the hyperaccumulator in terms of accumulation, 
distribution and multi-element interactions. The impact of Zn, Pb and Cu on the growth, Zn 
accumulation and distribution, and interaction between the metals and between the metals and other 
plant nutrients were examined in soution culture to provide insights into the physiological and 
biochemical mechanisms of metal hyperaccumulation and detoxification. 
 
Noccaea caerulescens were treated with a range of Zn concentrations to investigate uptake, 
tolerance and distribution of Zn, and these were compared with the responses in a related non-
hyperaccumulator, Thlaspi arvense. Noccaea caerulescens showed a high Zn requirement for 
growth and a higher Zn accumulation and tolerance, with in excess of 2.5 % Zn in the shoot dry 
mass occurring without visible toxicity symptoms. Thlaspi arvense displayed Zn toxicity symptoms 
within two weeks of comparable Zn treatment. Increasing shoot Zn concentrations in N. 
caerulescens reduced Ca and P concentrations by up to 50% and 35%, respectively. Scanning 
electron microscopy with energy-dispersive X-ray (SEM-EDS) showed that Zn-containing crystals 
were abundant in leaf epidermal cells and the cortex of the roots during the later growth phase of N. 
caerulescens. 
 
The impact of Pb and Cu on Zn phytoextraction in N. caerulescens was investigated and these 
metals in solution were found to inhibit both growth and Zn accumulation when present in 
combination with Zn. Plants were more sensitive to Cu than Pb with Cu being more readily 
transported to the shoots while almost all Pb was retained in the roots. Concentrations of other 
essential nutrients such as Ca, Mg, P, S, Fe, and K were decreased in shoots but increased in roots 
when there was a prolonged period of metal exposure. Higher levels of Zn accumulation decreased 
the concentrations of Ca, Mg, S and Fe in shoots. Sub-cellular elemental localization analysis using 
SEM-EDS revealed that Zn accumulated primarily inside the vacuoles of leaf epidermal cells. Zn-
rich crystals were observed in the SEM freeze-dried leaf samples of the control and the Zn plus Pb 
treatment after extended exposure, but no crystals were found in the cryo-SEM leaf samples. 
Copper and Pb were not detected in the Zn-rich crystals of the freeze-dried samples or the cryo-
SEM samples. 
 
ii 
A fluorescent probe technique was developed and applied to investigate the distribution of Zn ion in 
fresh plant tissues. Noccaea caerulescens was found to have not only a high capacity for Zn 
accumulation, but also a high tolerance to Pb. Both these characteristics were more prominent in 
younger plants. Zinc in combination with Pb had less impact on plant growth than Zn alone. 
Translocation of Zn from roots to shoots was reduced in older plants and/or long-term heavy metal 
exposure. A high ratio of Zn to P in leaves led to the formation of insoluble salts of Zn (Zn-
phosphate and Zn-phytate). Fluorescence probe analysis of Zn2+ ion distributions in tissues and cells 
revealed that Zn2+ ions were located primarily in the leaf epidermal cells and commonly bound to 
the cell wall in both epidermal and mesophyll cells. Zinc ion distribution was not specific to any 
particular cell type in roots. Quantitatively, Zn ions were highest in the leaf epidermis at a 
concentration of 0.282 M (2.5 times higher than total Zn in fresh leaves) and were from 0.0561 to 
0.282 M in the root epidermis. Confocal laser scanning microscopy in combination with selective 
fluorescent probes proved a useful tool for elucidating cellular and tissue-level distribution of Zn2+ 
in living plant cells at high resolution.  
 
In this thesis, a number of novel techniques were successfully employed to achieve the research 
objectives. It has been established that N. caerulescens requires high Zn for growth and can 
accumulate very high concentrations of Zn when exposed to high levels of Zn in solution at 
particular growth stages. Plant growth and Zn accumulation are adversely affected by elevated Cu 
concentrations, but the species has a degree of tolerance to Pb exposure. For exploiting the potential 
value of N. caerulescens as a phytoextraction and remediation option for Zn-enriched or 
contaminated substrates, it would seem that the species suitability for purpose will be maintained 
where there is a concomitant presence of elevated Pb, but less so if Cu contamination levels are also 
high. 
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Chapter 1. Introduction 
 
2 
1.1. Motivation 
Heavy-metal pollution is a critical environmental issue in the modern world. Anthropogenic 
activities such as mining, smelting, metallurgy, fossil-fuel combustion, application of fertilizers and 
pesticides in agriculture and forestry contribute to accelerate dissemination of heavy metals to the 
environment, with minor contributions from natural sources (Pierzynski, 1993; Baker et al., 1994a; 
Alloway, 1995; Kabata-Pendias A, 2001; Singh, 2005; Mishra & Tripathi, 2009). Elevated 
concentration of toxic heavy metals in soil, water and air are considered to be the principal sources 
of elevated human and animal exposure via their transfer through the food chain and ingestion of 
polluted dust (Pierzynski, 1993; Baker et al., 1994a; Kabata-Pendias A, 2001). The health of more 
than 10 million people worldwide is reported to be seriously threatened by heavy metal pollution 
(Jadia & Fulekar, 2009). 
The removal of heavy metals from contaminated sites is limited because the current technologies 
(e.g. excavation, chemical and thermal methods) are technically difficult and costly (Baker et al., 
1994a; Glass, 2000; MEMON A. R., 2001; S.K, 2010; Bieby Voijant, 2011). These technologies 
are also problematic because they have a high potential risk of shifting and migrating contaminants 
into the environment, they produce a large volume of secondary waste that requires further 
treatment, and they can threaten the land structure as well as deactivate all biological activities 
(Baker et al., 1994a; Alloway, 1995; Glass, 2000; Kim & Kim, 2001; MEMON A. R., 2001; S.K, 
2010; Bieby Voijant, 2011). In contrast, phytoextraction is a potential technology for remediating 
toxic metals from the environment and is considered a cost-effective, environmentally friendly and 
affordable solution. Phytoextraction is defined as a technology that utilizes specialized plants to 
remediate contaminated environments (MEMON A. R., 2001; S.K, 2010; Bieby Voijant, 2011). 
The plant species used in phytoextraction are heavy-metal hyperaccumulating plants (known as 
hyperaccumulators), which can accumulate large quantities of heavy metals in their shoots (Baker 
& Brooks, 1989). Phytoextraction is also beneficial because it can remediate a variety of 
contaminated media such as soil, sludge, sediment, groundwater, surface water, and storm water. In 
general, phytoextraction potentially stabilizes and improves the soil, prevents the dispersal of 
contaminants to the environment, and extracts heavy metals into the plant biomass (Monsant, 2011).  
Zinc (Zn) occurs naturally in the environment, but elevated concentrations are harmful (Alloway, 
1995; Nicholson et al., 2003). The increasing accumulation of Zn in the soil during the last century 
(Han et al., 2002) has resulted in excess Zn in drinking water and food, causing imminent problems 
to human health. Zinc is also toxic and inhibits plant growth at high concentrations, although it is an 
essential micronutrient to plants (Ebbs & Kochian, 1997; Küpper et al., 2000; Kopittke et al., 
3 
2011). In order to rectify Zn contamination, phytoextraction can be conducted, whereby Zn is 
progressively removed from contaminated sites by repeated planting and harvesting of Zn 
hyperaccumulating plants. Phytoextraction efficiency can be improved by decreasing the duration 
of treatments, enhancing shoot biomass, and enhancing Zn uptake and accumulation in the shoots 
(Brown et al., 1994; Robinson et al., 1998; Monsant et al., 2008). 
Noccaea caerulescens (J. & C. Presl) F. K. Meyer (formerly Thlaspi caerulescens) (Prayon) is a 
well-known Zn hyperaccumulator and a model species for hyperaccumulator studies. Noccaea 
caerulescens can accumulate up to 40000 mg kg-1 of Zn in shoot dry mass without any symptoms of 
toxicity, which is over 100 times higher than the Zn accumulated in many other crop species 
(Chaney, 1993; Ebbs et al., 2002; Assunção et al., 2003b). However, the ability to hyperaccumulate 
and phytoextract Zn is known to be affected by numerous factors (Baker & Brooks, 1989), which 
could be due to the soil or the plant (Monsant, 2011).  
Plant growth, plant age, Zn bioavailability and the presence of other metals in the growing 
environment influence Zn hyperaccumulation and thus Zn phytoextraction by N. caerulescens 
(Lombi et al., 2001; Saison et al., 2004; Walker & Bernal, 2004; Mijovilovich et al., 2009; Monsant 
et al., 2010). A limitation of using N. caerulescens for Zn phytoextraction is its low biomass 
(Knight et al., 1997; Reeves et al., 2001) and the large variability in growth rate and biomass in 
natural populations (Reeves et al., 2001; Plessl et al., 2010). It was known to have higher biomass 
and lower mortality rates when grown on contaminated industrial soil than on agricultural soil 
(Saison et al., 2004). The concentrations of Zn and Pb in one-year-old wild plants were found to be 
over two times higher than in two-year-old wild plants (Robinson et al., 1998). Zinc 
phytoextraction is affected by the presence of other co-bioavailable heavy metals in metal-
contaminated areas (Pierzynski & Schwab, 1993; Baker et al., 1994a; Alloway, 1995; Mishra & 
Tripathi, 2009), such as copper (Cu), lead (Pb) and cadmium (Cd) (Reeves & Brooks, 1983; 
Czuchajowska, 1987). These elements inhibit plant growth and are likely to compete with the 
uptake of Zn and other essential micronutrients (Siedlecka, 1995; Saison et al., 2004; O & Ernst, 
2006). Zinc uptake was significantly reduced when other toxic metal ions, such as Pb or Cu, were 
added to the culture solution (Lombi et al., 2001; Keller & Hammer, 2004; Walker & Bernal, 
2004). Nevertheless, a higher biomass does not always increase metal phytoextraction (Monsant et 
al., 2008) because heavy-metal content in the shoots can be diluted by the higher biomass 
(Robinson et al., 1998), or possibly due to decreased metal translocation from roots to shoots 
(Monsant et al., 2008). Despite this breadth of research, the influence of plant biomass, plant age, 
and the interaction between Zn and other metals and nutrients on Zn phytoextraction are 
inconsistent and the mechanisms involved these processes are not fully understood. 
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1.2. Objectives of this research 
This PhD thesis investigates the phytoextraction of Zn by N. caerulescens in terms of Zn 
accumulation, Zn distribution and multi-element interactions. The impact of Zn, Pb and Cu on plant 
growth, Zn accumulation and distribution, and the interaction between these metals and other plant 
nutrients were examined to provide insights into the physiological and biochemical mechanisms of 
Zn hyperaccumulation and detoxification. 
1.3. Structure of the thesis 
This thesis is organised into 7 chapters. Chapter 1 is a brief introduction to motivation, objectives 
and structure of the project. Chapter 2 provides a literature review on phytoextraction and the Zn 
hyperaccumulator N. caerulescens. Chapters 3 to 5 present the main findings and include three 
experimental chapters. The first experimental chapter, Chapter 3, assesses the capacity for Zn 
uptake and tolerance by N. caerulescens and benchmarks the results with the non-hyperaccumulator 
Thlaspi arvense. The second experimental chapter, Chapter 4, examines the effect of Cu and Pb on 
the uptake and hyperaccumulation of Zn and the mechanisms related to the selective uptake and 
tolerance to these metals. The third experimental chapter, Chapter 5, focusses on investigating the 
accumulation and tolerance to Zn and Pb of N. caerulescens and elucidating the distribution of Zn 
in living cells by using selective fluorescent molecular probes and confocal microscopy. The effect 
of plant growth, duration of Zn exposure, interaction between Zn and other elements, and the 
mechanisms of internal Zn detoxification presented by the distribution of elements at whole-plant, 
cellular and sub-cellular levels, were investigated through all three experimental chapters. Chapter 6 
then concludes the overall study and gives some recommendations for future work. The final 
chapter contains the reference list for the thesis. 
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2.1. Heavy-metal pollution  
2.1.1. Sources of heavy metals in the environment 
The heavy metals manganese (Mn), iron (Fe), zinc (Zn) and copper (Cu) are essential elements used 
by plants and animals, but at excess concentrations they become toxic. Natural sources of heavy 
metals is mainly from the lithosphere source (metamorphic, igneous and sedimentary rocks) 
(Alloway, 1995). Anthropogenic activities such as metalliferous mining and processing, smelting, 
metallurgy, fossil-fuel combustion, application of fertilizers and pesticides in agriculture and 
forestry, corrosion of metals and industrial emissions have contributed to the accelerated 
dissemination of heavy metals into ecosystems via untreated metal discharge (Pierzynski, 1993; 
Baker et al., 1994a; Alloway, 1995; Kabata-Pendias A, 2001; Singh, 2005; Mishra & Tripathi, 
2009).  
2.1.2. Reasons to remediate heavy-metals from the environment 
Health 
Heavy metals affect human health directly by inhaling dust containing heavy metals and indirectly 
by consuming contaminated food and drinking water (Pierzynski, 1993; Baker et al., 1994a; 
Kabata-Pendias A, 2001). Health consequences of heavy-metal exposure vary greatly depending on 
the specific element, the pathway of attack and vulnerability of the exposed population (Agency; 
Baker et al., 1994a; Kabata-Pendias A, 2001). Chronic exposure to chromium (Cr), lead (Pb) and 
other metals can be carcinogenic and can cause brain damage and nervous system disorders. 
Mercury induces higher incidences of kidney damage. Other heavy metals induce a range of health 
effects such as headaches, nausea, fatigue, eye irritation and skin rash. At sufficient dosage, a large 
number of soil contaminants can cause death by direct contact, inhalation or by ingestion of 
groundwater contaminated through the soil. One study showed that people living downwind of an 
old smelter site ingested at least 50% more Pb and Cd by consuming home-produced vegetables, 
meat and milk than people who consumed food collected from an area with a low exposure to these 
metals (Lagerwerff & Brower, 1974). 
Agriculture 
Agricultural land exhibits varying effects depending on the type of soil contamination. Heavy-metal 
contaminants typically alter plant metabolism and reduce crop yields (Bradley & Cox, 1986; 
Pierzynski, 1993). Consequently, a reduction in plant growth has a secondary effect upon soil 
conservation because the languishing crops cannot shield the Earth’s soil from erosion. Zinc, Cd 
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and Pb were found to reduce soybean growth in a metal-contaminated alluvial soil (Pierzynski, 
1993). Soils downstream of an abandoned Pb/Zn mine had less than 50% vegetative cover and the 
surface soil at 5-cm depth contained 1660 mg kg-1 total Pb and 4230 mg kg-1 total Zn. Soils with 
vegetation exhibiting heavy-metal chlorosis had 323 mg kg-1 total Pb and 676 mg kg-1 total Zn in 
the top 5 cm (Lagerwerff & Brower, 1974). Retardation of growth resulting in stunted plants is one 
common symptom of plants exhibiting Pb, Cd or Zn toxicity, and the relative toxicity of Pb, Cd and 
Zn cations to plants was proposed to be in the order Cd > Pb > Zn (Aidid & Okamoto, 1992). 
2.2. Phytoextraction 
As a phytoremediation technique, phytoextraction is an attractive, cost-effective and affordable 
technology for remediating heavy metals from the environment. This technology uses specific 
plants to remediate the contaminated environment and to improve the environmental quality 
(MEMON A. R., 2001; S.K, 2010; Bieby Voijant, 2011). The global market for remediation was 
reported to be around $20-25 billion US dollars per year, including $100-150 million US dollar of 
phytoremediation (David, 2005). Phytoextraction of metals from soil accounted for $1–2 million 
US dollars in 1997, and was expected to increase to $15–25 million by 2000 and $70–100 million 
by 2005 (Glass, 2000). The same document predicted that the phytoremediation market would 
expand by 10–15% within a decade. 
The advantages of phytoextraction are similar to those of phytoremediation: it is aesthetic, 
environmentally friendly and can remove sufficient quantities of the contaminant. Phytoextraction 
can potentially remediate a variety of metal contaminants, it can be applied to large areas at a low 
cost and it can be used in conjunction with other remediation technologies. It can benefit 
agricultural activities and mining by stabilizing and improving the soil, preventing the dispersal of 
metal contaminants, and potential recycling by re-used incinerated plant ash containing 
concentrated metals for metal-deficient soil or producing pure metals (Monsant, 2011). Of key 
importance for effective phytoremediation is the selection of appropriate hyperaccumulator plants 
that can take up and store large quantities of metals without harmful physiological effects 
(Boominathan & Doran, 2003). 
The challenging objectives of phytoextraction are to improve the shoot biomass of heavy-metal 
hyperaccumulators and to reduce the period of remediation (Baker & Brooks, 1989). These 
objectives can be achieved by improving the phytoextraction efficiency of the plant, which are 
controlled by factors in the soil (chemical form, solubility of the heavy metal, and soil amendments) 
and factors in the plant (mechanisms of metal uptake and accumulation, metal concentrations in the 
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shoots, shoot biomass, and plant physiology and biochemistry) (Monsant, 2011). This thesis aims to 
enhance phytoextraction potential by understanding the mechanisms of heavy-metal uptake and the 
factors that directly affect heavy-metal accumulation. 
2.2.1. Hyperaccumulators and their threshold of heavy-metal accumulation 
Plants have developed three strategies to survive on metalliferous soils (Baker et al., 2000; Lasat et 
al., 2000; Rascio & Navari-Izzo, 2011), and plants can generally be divided in three main groups 
(van der Ent et al., 2012): metal excluders, metal indicators and metal hyperaccumulators. Metal 
excluders are plants that prevent metals from entering their aerial parts over a broad range of metal 
concentrations. Metal indicator plants accumulate metals in their above-ground tissues, which 
reflect the metal levels in the soil. Hyperaccumulating plants concentrate metals in their above-
ground tissues to levels far exceeding those present in the soil or those of non-accumulating species 
growing nearby, without suffering phytotoxic effects (Baker et al., 2000; Lasat et al., 2000; Rascio 
& Navari-Izzo, 2011). The capacity to accumulate metals in the shoots of these plants can be up to 
100 times greater than in non-hyperaccumulators (Lasat, 2002). Hyperaccumulators are 
distinguished from related non-hyperaccumulating plants by three qualities: an enhanced rate of 
heavy-metal uptake, a faster root-to-shoot translocation, and a greater ability to detoxify and 
sequester heavy metals in the leaves (Rascio & Navari-Izzo, 2011). 
Threshold values are used to determine whether a plant is a hyperaccumulator, and they vary 
according to the specific heavy metal. The term ‘hyperaccumulator’ was first used to define plants 
that can accumulate nickel (Ni) at over 1000 mg kg-1 leaf dry weight (DW) (0.1%) (Brooks et al., 
1977), whereas the common Ni content in almost of the leaves of non-accumulating plants was 
found in the range 1–10 mg kg-1 DW (Marschner, 1988). For Zn, a threshold of 10000 mg kg-1 DW 
was initially suggested (Reeves & Brooks, 1983), but recently it was proposed to be 30000 mg kg-1 
(van der Ent et al., 2012). Most non-accumulating plants have Zn concentrations within the range 
30–100 mg kg-1 (Marschner, 1988). The threshold values for hyperaccumulators of other metals and 
metalloids are as follows: 100 mg kg-1 for Cd, selenium (Se) and thallium (Tl); 300 mg kg-1 for Cu, 
cobalt (Co) and Cr; 1000 mg kg-1 for Ni, arsenic (As) and Pb; and 10000 mg kg-1 for Mn (Reeves & 
Brooks, 1983). 
To date, more than 400 plant species have been documented to hyperaccumulate heavy metals, of 
which a significant number have the ability to accumulate two or more elements (Baker et al., 
2000). Hyperaccumulators co-sequester metals even from soils with low metal concentrations 
(Assunção et al., 2003a). A list of hyperaccumulators of Ni, Zn, Cd, Pb, Cu, As, Co, Ni and Mn is 
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available (Baker et al., 2000; Brooks, 2008; van der Ent et al., 2012), and a large number of these, 
over 317 species, hyperaccumulate Ni. A list of Zn hyperaccumulator plants is also available, 18 
species, and they are mainly found growing on calamine soils polluted with Pb, Zn and Cd (Brooks, 
2008). Deployment of hyperaccumulating plants for phytoextraction of heavy-metals has been 
assessed and ranked with respect to research status, readiness for commercialization, and regulatory 
acceptance of the technology (Lasat, 2002). 
2.2.2. Hyperaccumulators and factors affecting mechanisms of heavy-metal uptake 
Hyperaccumulation of heavy metals by plants is a complex process that involves several major 
mechanisms: metal bio-activation in the root zone, metal uptake into root cells and compartments, 
xylem loading and transport of metals from root to shoot, and distribution and sequestration of 
metals at the whole-plant and cellular levels (Lombi et al., 2002a; Yang et al., 2005). Different 
mechanisms have been examined to explain the hyperaccumulation capacity of these plant species, 
but the mechanisms remain unclear, particularly at the cellular level. Furthermore, there are several 
factors that affect the hyperaccumulation mechanisms: plant species, properties of the heavy metal, 
properties of the growth medium, bioavailability of the metal, environmental condition and 
chelating agents (Bieby Voijant, 2011). 
The plant species is the most influential factor affecting mechanisms of heavy-metal uptake. A 
successful phytoextraction process depends upon the use of a suitable plant species that 
hyperaccumulates the target heavy metal and produces large amounts of biomass using established 
crop production and management practices (Baker, 1981; Baker et al., 2000). The responses of 
different plants to particular metals changes greatly and it depends on the genetic basis of the plant 
(Baker et al., 2000). 
Properties of the growth medium are referred to as those agronomical practices that enhance 
remediation, such as pH adjustment and addition of chelators and fertilizers (Baker et al., 1994a; 
Monsant et al., 2008). For instance, nitrogen applied as Ca(NO3)2 was found to enhance Zn uptake 
in the hyperaccumulator Noccaea caerulescens (Monsant et al., 2010; Monsant, 2011). 
The root zone is of special interest in phytoremediation because it takes up contaminants and stores 
them inside the plant (McGrath et al., 1997; Whiting et al., 2001). Interaction between plant roots 
and soil microbes in the root zone improve metal bioavailability in rhizosphere through secretion of 
proton, organic acids, phytochelatins, amino acids, and enzymes (Yang et al., 2005). This finding 
proved that secretion of protons by roots acidifies the rhizosphere and increase the metal dissolution 
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and enhance root absorption. Root reductases and some plant enzymes exuded from the roots 
probably contribute to metal transformation in the rhizosphere (Lasat, 2002; Yang et al., 2005). 
Environmental conditions such as temperature, humidity and light directly affect plant growth 
parameters such as shoot development, root proliferation and root length, thus environmental 
conditions affect the uptake mechanism of the plant (Li et al., 2009).  
Understanding the properties of a heavy metal is critical for proving the applicability of 
phytoextraction (Baker et al., 2000). Metals are bound to the soil, therefore the soil pH, redox 
potential and organic matter content will affect the tendency of the metal to exist in an ionic and 
plant-available form (Bieby Voijant, 2011). Plants can lower the pH of soils and sediments to make 
metals more bioavailable (Caixan & Zdenko, 2003). 
Chelating agents are chemicals that can increase heavy-metal bioavailability, and thus they can 
increase uptake of heavy metals and stimulate the capacity of the microbial community in and 
around the plant to also take up heavy metals (Pierzynski, 1993; Bieby Voijant, 2011). Faster 
uptake of heavy metals will result in faster and less expensive remediation. In chelate-assisted 
phytoremediation, a synthetic chelating agent such as ethylenediamine tetraacetic acid (EDTA) is 
added to enhance the phytoextraction of heavy metals (Gupta & Sinha, 2006). Plants exposed to 
EDTA for two weeks showed improved metal translocation into the plant tissues as well as overall 
better phytoextraction performance (Lombi et al., 2002b). However, the risk of increased leaching 
must be taken into account when using synthetic chelating agents (Baker et al., 1994a; Alloway, 
1995). 
2.2.3. Mechanisms of heavy- metal uptake at the cellular level  
Plants have a range of potential mechanisms that are involved in detoxification and tolerance to 
metal stress at the cellular level (Hall, 2002). According to the study by Hall [65], the mechanisms 
include: 1) restriction of metal movement to roots by mycorrhizae, 2) heavy-metal binding to cell 
walls and root exudates, 3) reduced influx across plasma membranes, 4) active efflux into the 
apoplast, 5) chelation in the cytosol by various ligands, 6) repair and protection of plasma 
membranes under stress conditions, 7) transport of low or high weight proteins into the vacuole by 
the metal complexes phytochelatin (PC) and metallothionein (MT), and 8) accumulation of metals 
in the vacuole. 
Transport, chelation and sequestration are the main processes of cellular metal homeostasis and 
tolerance in plants (Clemens, 2001). These processes determine the uptake, distribution and 
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detoxification of metal ions at the cellular and whole-plant levels. Hypersensitivity of metals occurs 
if one of these crucial processes fails. Toxicity is avoided by the synthesis of specific low-
molecular-weight chelators which prevent excess trace metal(loid)s from binding to physiologically 
important proteins, and enables them to be transported into the vacuoles (MEMON A. R., 2001; 
Hirata et al., 2005; Verbruggen et al., 2009; S.K, 2010). According to these studies, PCs and MTs 
were found to be active and to transport across plant cells some metal ions that supports of the 
synthetic enzymes PC synthase and MT synthase. However, PC synthesis was found to be essential 
for constitutive levels of tolerance to Cd, Hg and As, but not essential for Cu and Zn tolerance 
(Assunção et al., 2003b; S.K, 2010). In the cytoplasm, PCs and MTs are the principal heavy-metal 
chelators. 
The binding of cations to cell walls in the root apoplast contributes toward heavy-metal tolerance in 
plants (Frey et al., 2000; Hall, 2002). Cell walls are composed of a matrix of pectin, lignin and 
glycoprotein embedded with cellulose micro-fibrils that include carboxyl groups with a high 
binding affinity for polyvalent cations, which restrict their movement and absorption into the root.  
Transport proteins and intracellular high-affinity binding sites mediate the uptake of metals across 
the plasma membrane. Several classes of proteins have been implicated in heavy-metal transport in 
plants. These include 1) the heavy-metal (or CPx-type) ATPases that are involved in overall metal-
ion homeostasis and tolerance in plants, 2) the natural resistance-associated macrophage (Nramp) 
family of proteins, and 3) the cation diffusion facilitator (CDF) family of proteins (Yang et al., 
2005), and 4) the Zn–Fe-regulated transporter-like (ZIP) family of proteins. 
However, some studies have indicated that transporters of metal cations are not specific. There is 
evidence that non-essential metals enter cells via cation transporters with a range of substrate 
specificities (Clemens, 2001). For example, the wheat cation transporter LCT1 renders yeast cells 
more Cd2+ sensitive. LCT1 was originally applied to complement the K+ high-affinity uptake-
deficient yeast mutant CY162 and also to mediate Na+ influx. In addition, LCT1 expression was 
revealed to elevate Cd2+ and Cd2+-uptake activity in the yeast Saccharomyces cerevisiae (Clemens, 
2001). I conclude that multiple passages exist for metal-ion transport in plants, although which 
transporters significantly contribute to specific metal-ion uptake in specific plant species is 
unknown.  
2.3. Phytoextraction of Zn by Noccaea caerulescens  
Zinc occurs naturally in the environment and is an essential element for plants, animals and 
microbes. However, the rapidly increasing extent and degree of Zn in the environment from a 
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variety of anthropogenic activities is harmful (Alloway, 1995; Nicholson et al., 2003). Worldwide, 
Zn concentrations in arable land have increased 3.5 times the world average Zn content in soils 
since 1900 (Han et al., 2002). Excessive Zn levels have been found in drinking water and food, 
which are a human health issue. Zinc is also a common heavy metal in mine tailings and it co-exists 
with many highly toxic elements such as Pb, Cd and As (Pierzynski & Schwab, 1993; Baker et al., 
1994a; Alloway, 1995; Mishra & Tripathi, 2009). Therefore, remediation of Zn contamination is 
necessary to reduce the associated risks, to increase the area of land available for agricultural 
production, and to enhance food security. 
Phytoextraction of Zn by hyperaccumulating plants is a suitable technique for remediating a Zn-
contaminated environment when environmental health is a priority, when a lengthy period of 
treatment is acceptable, or when alternative remediation technologies are prohibitive or unavailable 
(Monsant et al., 2010). A plant species has been defined as a Zn hyperaccumulator when it can 
accumulate more than 10000 mg Zn per kg of dry shoots (Reeves & Brooks, 1983). 
Noccaea caerulescens (J. & C. Presl) F. K. Meyer (formerly Thlaspi caerulescens) (Prayon) is a 
well-known hyperaccumulator of Zn. It is a biennial or perennial plant species belonging to the 
Brassicaceae family. Shoots of this species can accumulate and tolerate Zn at up to 40000 mg kg-1 
DW; Cd at 14000 mg kg-1 DW, and Ni at over 4000 mg kg-1 DW (Chaney, 1993; Brown et al., 
1995; Schwartz et al., 1999). Optimal concentrations of Zn and Cd for non-hyperaccumulating 
plants is in the range 20–100 mg kg-1 and 1–10 mg kg-1, respectively (Mengel, 2001). Noccaea 
caerulescens has Zn-loving roots that seek areas of Zn in metal-contaminated soils, even in soils 
with low concentrations of bioavailable Zn (Whiting et al., 2001; Saison et al., 2004). Moreover, 
hairy roots of N. caerulescens were capable of hyperaccumulating heavy metals in a culture of hairy 
roots without shoots (Boominathan & Doran, 2003). The properties exhibited by N. caerulescens 
make it an excellent model species for studying the mechanisms of metal uptake, accumulation and 
tolerance (Lasat et al., 1996; Lasat et al., 1998; Lasat et al., 2000; Monsant et al., 2011), and for 
exploring its ability to remediate heavy-metal polluted sites.  
2.3.1. Growth response of N. caerulescens to Zn  
Noccaea caerulescens has low shoot biomass and slow growth, which are limitations for metal 
phytoextraction. It typically has a biomass from 140 to 360 mg DW per plant (Knight et al., 1997) 
although its growth rate and biomass vary widely in its natural populations (Reeves et al., 2001; 
Plessl et al., 2010). Increasing the supply of Zn from 1 to 10 mmol m-3 in solution increased the 
total DW of this species by 19% (Shen et al., 1997). Plant biomass on an un-fertilized metal-
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contaminated soil was 2.6 t ha-1 and a single fertilized crop removed 60 kg of Zn and 8.4 kg of Cd 
per hectare (Robinson et al., 1998). Another study found that with a constant rate of 4000 mg kg-1 
Zn uptake by N. caerulescens and with an annual yield of 10 million t ha-1, it would take 18 
growing seasons to remove excess Zn from mildly contaminated soils (Brown et al., 1995). It was 
found that N. caerulescens grown on contaminated industrial soil can have higher biomass and 
lower mortality rates than on agricultural soil (Saison et al., 2004). Plant growth affects 
phytoextraction efficiency via enhancing shoot/leaf biomass for storage of sequestered heavy 
metals. Therefore, improving plant shoot biomass and Zn accumulation can improve Zn 
phytoextraction. 
2.3.2. Uptake, accumulation and tolerance to zinc and other metals by N. caerulescens 
Noccaea caerulescens is a Zn and Cd hyperaccumulator (Shen et al., 1997; Saison et al., 2004). It 
can also tolerate high concentrations of Ni (Mari et al., 2006) and Pb (Baker et al., 1994b) in the 
soil. There were no significant correlations between high tolerance and high concentration of a 
metal in parent soils when five populations of N. caerulescens were investigated for their response 
to 12 metals [silver (Ag), aluminium (Al), Cd, Co, Cr, Cu, Fe, Mn, molybdenum (Mo), Ni, Pb and 
Zn] (Baker et al., 1994b). Heavy-metal concentrations in the shoots of N. caerulescens might relate 
to the total rather than to the extractable concentration in the soil (Baker et al., 1994b). 
Concentrations of Cd, Mn, Pb and Zn in N. caerulescens growing over base-metal mine wastes 
were found to be much higher than those in vegetation species not growing over mineralisation 
(Robinson et al., 1998). Accumulation of Zn in N. caerulescens accounted for 4% of the total Zn 
and 0.02% of the total Cd in shoots after six months growth in field soil (Saison et al., 2004). Even 
in the absence of shoots, Cd uptake by N. caerulescens hairy roots was reported to reach 2000 mg 
kg-1 DW (Boominathan & Doran, 2003). Concentrations of Cd, Pb and Zn were found to decrease 
with plant age (Robinson et al., 1998). In one-year-old plants, Cd, Pb and Zn contents in N. 
caerulescens were 3236, 169 and 581 times higher, respectively, than normal plants (vegetation) 
growing in non- mineralised soils, but for two-year-old plants the values were 1054, 44 and 262, 
respectively (Robinson et al., 1998). A possible reason for the decreased metal concentrations might 
be the dilution effect of a higher biomass because metal uptake is not proportional to this biomass 
increase (Robinson et al., 1998).  
Noccaea caerulescens has a greater internal requirement for Zn than other plants (McGrath et al., 
1997; Shen et al., 1997). It accumulated around five-times more Zn in its shoots than the non-
hyperaccumulator Thlaspi ochroleucum and 24–60 times more Zn than the leaves of radish. The 
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concentration of Zn in the shoots of N. caerulescens ranged from 3100 to 8100 mg kg-1 DW, but 
only ranged from 800 to 1600 mg kg-1 DW in T. ochroleucum (McGrath et al., 1997). The critical 
value for Zn deficiency in N. caerulescens was 10 times higher than in many other plant species. In 
metal-contaminated soil, Zn uptake into shoot dry weight was up to 1000 mg kg-1, accounting for 
4% Zn in the soil, and Cd was over 100 mg kg-1, accounting for 0.02% Cd in the soil (Robinson et 
al., 1998). Bioaccumulation coefficients (the quotient of metal concentration in the plant to that in 
the soil) for N. caerulescens were reported to be higher for Cd than for Zn. Bioaccumulation 
coefficients decreased with increasing metal content and ranged from 104 (0.0017% Zn) to 0.25 
(4% Zn) and from 67 (1 g kg-1 Cd) to 5.4 (360 g kg-1 Cd) (Robinson et al., 1998). In addition, N. 
caerulescens removed Zn and Cd from contaminated soils more efficiently at lower concentrations 
of the two metals in soil: under 1000 mg kg-1 Zn and under 200 mg kg-1 Cd. However, the biomass 
of the roots and shoots were not significantly affected even when the concentration of Zn in the soil 
exceeded 1000 mg kg-1 (Whiting et al., 2000). At non-toxic concentrations of Ni, the rates of Ni 
translocation from roots to shoots were similar in both the hyperaccumulator and non-
hyperaccumulator species (Thlaspi goesingense and T. arvense) (Kramer et al., 1997). 
Consequently, it is evident from previous studies that Zn tolerance, uptake and accumulation in N. 
caerulescens are influenced by plant age, Zn bioavailability and plant species. 
2.3.3. Distribution of Zn and other metals in N. caerulescens  
Distribution of Zn in N. caerulescens has been described extensively at the whole-plant level and at 
the cellular level, but remains obscure at the sub-cellular level. Noccaea caerulescens exhibits 
strong Zn, Cd and Ni uptake and root-to-shoot translocation (Robinson et al., 1998; Schwartz et al., 
1999) whereas the non-hyperaccumulator T. arvense stores almost all of the excess Zn in the root 
cells and minimizes Zn transport to the shoots (Knight et al., 1997; Martínez et al., 2006). About 
60–70% of Ni and Zn accumulated in the apoplast cell wall of Thlaspi species, and 20–25% in the 
vacuole, and around 5–10% in the cytoplasm respectively (Lasat et al., 1996; Krämer et al., 2000). 
In N. caerulescens, Zn, Cd, Co, Mn and Ni were readily transported to the shoots, whereas a higher 
proportion of Al, Cr, Cu, Fe and Pb remained in the roots (Vazquez et al., 1994). The distribution of 
metals within plant tissues is considered to be an important indirect indicator of the detoxification 
mechanism because the distribution requires trans-membrane transport, thus energisation and 
function of the membrane are possible keys to understanding metal hyperaccumulation 
(Boominathan & Doran, 2003). 
In N. caerulescens leaves, Zn is mainly located in the epidermal cells, with smaller amounts in the 
mesophyll cells and the leaf veins (Vazquez et al., 1994; Kupper et al., 1999; Frey et al., 2000). 
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Zinc accumulation within leaf epidermal cells is variable (Frey et al., 2000), with more Zn in 
elongated cells and less in smaller cells. In one study, 88% of the Zn occurred in the upper and 
lower epidermis, whereas only 12.4% of the Zn occurred in the mesophyll cells (Monsant et al., 
2010). The distribution of Zn in the upper epidermis was similar to that in the lower epidermis and 
they were independent of the total Zn content of the plant (Vazquez et al., 1994; Kupper et al., 
1999; Frey et al., 2000). These studies also showed that the Zn concentration in the palisade 
mesophyll cells was less than in the epidermis and no Zn was detected in the spongy mesophyll 
cells. At the sub-cellular level, Zn accumulation in the epidermis occurred mainly in the vacuoles 
and to a lesser extent in the apoplast. The Zn concentration in epidermal vascular sap was 385 mM 
in plants with 20000 mg kg-1 Zn per shoot DW, which was 5–6.5 times higher than in the mesophyll 
vascular sap (Monsant et al., 2010). High concentrations of Zn accumulated in the cell walls of both 
the epidermis and mesophyll, suggesting that compartmentation in the apoplast is another important 
mechanism of Zn tolerance in N. caerulescens leaves (Kupper et al., 1999; Frey et al., 2000). The 
concentrations of Zn in the vacuoles were similar to those in the apoplast at low Zn exposure (10 
µM Zn), but vacuolar Zn was significantly higher than apoplastic Zn at higher Zn exposure (100 
µM Zn) (Vazquez et al., 1994). 
In the roots of N. caerulescens, Zn was bound to negatively charged sites associated with the cell 
wall, which significantly contributed to the Zn content (Frey et al., 2000). The difference in Zn 
distribution within root and shoot tissues of N. caerulescens might protect metabolically active 
cellular compartments from the toxicity of high Zn concentrations (Martínez et al., 2006). Cadmium 
also localised in the cell walls of N. caerulescens roots, with 78% of the Cd in the roots localized in 
the cell walls and root hairs (Boominathan & Doran, 2003). 
2.4. Mechanisms involving tolerance, accumulation and detoxification of Zn in N. caerulescens 
2.4.1. Physiological mechanism  
A number of crucial processes for Zn movement from the rhizosphere to the shoots enable N. 
caerulescens to accumulate more Zn than non-accumulators (Lasat et al., 1996; Lasat et al., 1998). 
These processes include Zn influx across the root-cell plasma membrane, transport within the root 
symplast, loading into the xylem, transport across the leaf-cell plasma membrane and storage in the 
leaf-cell vacuole. A complex alteration of Zn speciation during those transportation processes also 
accounts for Zn hyperaccumulation in N. caerulescens (Lasat et al., 2000). 
A high rate of Zn uptake and a number of specialized Zn-transport sites in N. caerulescens enable 
high Zn accumulation (Lasat et al., 1996). A study that quantified Zn2+ influx across root-cell 
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plasma membranes indicated that the Michaelis constant values in N. caerulescens were similar to 
those of the non-hyperaccumulator T. arvense, but the maximum initial velocity for Zn2+ influx into 
root cells of N. caerulescens was over four times higher than in T. arvense. Other Zn-transport sites 
involving transport across both the plasma membrane and tonoplast of leaf cells in N. caerulescens 
were reported to enhance Zn2+ translocation and storage in the shoot (Lasat et al., 1996).  
Higher Zn influx into the roots of N. caerulescens compared with T. arvense could relate to the 
large amount of Zn transporters in N. caerulescens root cells (Lasat et al., 1996). After a long 
period (>48 h) of measuring radiotracer fluxes for Zn2+ (measured as 65+Zn), more 65+Zn 
accumulated in the roots of the non-hyperaccumulator T. arvense, while up to ten times more 65+Zn 
was translocated to the shoots of N. caerulescens. The sequestration of Zn in the root vacuoles of T. 
arvense was responsible for the delay in Zn translocation to the shoot (Lasat et al., 2000). The 
concentration-dependent kinetics of root 65+Zn influx was studied to investigate the capacity of Zn 
transport across root-cell membranes and thus the affinity for Zn transport (Lasat et al., 1996). It 
was found that Zn transport across the plasma membrane was mediated by proteins (possibly 
similar transporters) with similar Zn2+ affinities between N. caerulescens and T. arvense, but the 
capacity for influx was much greater in N. caerulescens. It was also found that the number of Zn 
transporters per area of membrane in N. caerulescens was higher than that in T. arvense (Lasat et 
al., 1996). 
A system of Zn influx and efflux transporters in the vacuole has been suggested to play an 
important role in Zn homeostasis, and thus the vacuole is important for Zn homeostasis and as a site 
for Zn detoxification (MacDiarmid et al., 2000). 
Enhanced Zn uptake into the root symplast of N. caerulescens is associated with a greater capacity 
for Zn translocation to the shoot. In addition, other Zn-transport sites are altered in N. caerulescens, 
which contribute to a dramatic increase in Zn translocation and storage in the shoots (Lasat et al., 
1998). In N. caerulescens, only a small fraction of the absorbed Zn is stored in the root vacuole and 
this Zn fraction is readily transported back into the cytoplasm. Consequently, most of the Zn is 
readily available for loading into the xylem (Lasat et al., 1998). In another study, when the external 
Zn supply ceased, 89% of the Zn previously accumulated in the roots was transported to the shoots 
over a 33-day period, while only 32% of the Zn was transported in the non-hyperaccumulator T. 
ochroleucum (Shen et al., 1997). The mechanism of Cd uptake is quite different from the 
mechanism of Zn uptake in N. caerulescens, although Cd and Zn are chemically quite similar 
(Kramer et al., 1997). 
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2.4.2. Biochemical mechanism  
The biochemical mechanism in N. caerulescens can be understood by knowledge of the chemical 
species at the plant cellular level. Zinc speciation in N. caerulescens has been investigated by using 
a variety of conventional techniques to elucidate the form of Zn in the plant tissues and cells. 
However, elucidating the speciation of Zn and other transition element ions at the cellular and 
tissue-level is challenging due to the limitations of most analytical techniques for the fresh and/or 
living plant tissue samples. 
Formation of metal deposits in cells (Lidon & Henriques, 1994) has been suggested as a mechanism 
to facilitate heavy-metal tolerance and detoxification in hyperaccumulator species. Reeves (1983) 
used the term ‘plant metal detoxification mechanism’ to describe the precipitation of metal elements 
such as sulphate in the root systems of higher plants when metal elements are at high concentrations 
(Reeves & Brooks, 1983). Zinc-rich globular precipitates were observed in vacuoles of epidermal 
and sub-epidermal leaf cells of N. caerulescens at a foliar Zn concentration of 13600 mg kg-1 
(Vazquez et al., 1994), and spherical precipitates of Zn were also found in the vacuoles of leaf veins 
in the Zn hyperaccumulator Populus tremula (Vollenweider et al., 2011b). Zinc deposits appeared 
in the root cells of N. caerulescens when the total Zn concentration in roots was found to be 10000-
18000 mg kg-1 Zn (Lasat et al., 1998). Crystals found in the roots of both N. caerulescens and P. 
tremula had a high Zn/phosphorus (P) ratio (Vazquez et al., 1994; Vollenweider et al., 2011a) and 
were identified as ligands of Zn-phytic acid (Vollenweider et al., 2011a). 
It has been suggested that histidine plays an important role in Zn homeostasis in the roots, whereas 
organic acids are involved in xylem transport and Zn storage in shoots of N. caerulescens, based on 
analysis using x-ray absorption spectroscopy (Salt et al., 1999). The association of Zn with ligands 
was determined, with the majority occurring as Zn-histidine in the roots, high proportions of free 
hydrated Zn2+ cations and a smaller proportion of Zn-organic acids in the xylem sap; whereas in the 
shoots, mainly Zn-organic acids and a smaller proportion of Zn as the hydrated cation and Zn-
histidine (Salt et al., 1999). Zinc-phytate was detected for the first time in N. caerulescens and it 
was suggested that it might support Zn tolerance in the root, whereas Zn-malate and/or Zn-citrate 
contributed to an increase in Zn accumulation in the shoots (Monsant et al., 2011). The presence of 
Zn-histidine in the roots may assist Zn loading, whereas Zn-malate and other weakly complexed or 
aqueous forms of Zn may assist Zn translocation in the xylem. 
High levels of organic acids including citric, malic and malonic acids were found in the root hairs of 
N. caerulescens, and 13% of the total Cd in the roots was associated with organic acids 
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(Boominathan & Doran, 2003). A predominance of Zn-malate or Zn-citrate in the shoots were 
concluded to be important carboxylates for Zn hyperaccumulation (Monsant et al., 2011). The main 
species of Zn translocated in the xylem was Zn-malate and weakly complex or aqueous Zn forms 
(Monsant et al., 2011). Free histidine was suggested to be responsible for Ni tolerance and Ni 
transport to the shoots of a Ni hyperaccumulation phenotype (Kramer et al., 1996). Intracellular Ni 
was predominantly localized in the vacuole as a Ni-organic acid complex (Krämer et al., 2000). 
2.4.3. Molecular genetic mechanism  
A number of genes are involved in metal hyperaccumulation and tolerance in N. caerulescens. 
Some accessions of N. caerulescens were mapped and the genes that determine the 
hyperaccumulation trait for Zn and Cd were defined: two quantitative trait loci (QTL) in the root 
and one in the shoot (Deniau et al., 2006). According to this study, 23.8–60.4% of the variance for 
the trait in N. caerulescens was explained by QTL. It is possible to gather the selected Zn-
responsive genes into functional groups such as oxidative stress, transport processes and energy 
supply (Plessl et al., 2010). There was a change in the expression of the Cu/Zn superoxide 
dismutase gene at different concentrations of Zn supply. The gene was repressed when the medium 
had no Zn and it was induced when Zn exposure increased from 100 µM to 1000 µM (Plessl et al., 
2010). 
There is evidence that an increase in gene expression can enhance Zn2+ uptake from soil into the 
roots of N. caerulescens and into leaf cells (Pence et al., 2000). Numerous studies carried out on 
some plant species and some fungi (Saccharomyces cerevisiae and Schizosaccharomyces pombe) 
have found a correlation between the capacity for Fe2+ and Zn2+ uptake and the ZIP family of 
transporters (Clemens, 2001). In N. caerulescens, these ions were mediated by a group of ZIP 
transporters, for example a higher rate of Zn2+ uptake co-occurred with a significantly higher 
expression of ZNT1 transporters. 
 Two proteins, Zrc1p and Cot1p, are implicated in transporting Zn into the vacuole (MacDiarmid et 
al., 2000), and they are both located predominantly in the vascular membrane. Overexpression of 
either protein leads to increased Zn tolerance, whereas mutation of their genes decreases tolerance 
(MacDiarmid et al., 2000). 
Another Zn transporter, Zrt3p, that belongs to the ZIP family was identified to localise on the 
vascular membrane, where it mobilizes stored Zn in the vacuole to offset deficiency; it transports 
stored Zn out of the vacuole during the transition from Zn-replete to Zn-limiting conditions 
(MacDiarmid et al., 2000). 
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2.5. Specific metal uptake and multi-element interactions in N. caerulescens 
2.5.1. Interactions between Zn and other heavy metals  
The response of N. caerulescens to metals other than Zn is important when using N. caerulescens as 
a part of a management approach to environments contaminated with multiple heavy metals. 
Populations of N. caerulescens collected from calamine, serpentine and non-metalliferous soils 
showed different preferences to take up Zn, Cd and Ni (Assunção, 2008). The concentrations of Cr, 
Cu, Mn, Ni and Pb in the shoots of these Thlaspi species were within the normal ranges compared 
with crop species (McGrath et al., 1997), and the concentrations of these elements in the roots were 
much higher than in the shoots (McGrath et al., 1997). It has been suggested that Thlaspi might 
have a preference for the transport of different metals, such as Ni > Co > Zn > Cd whereas non-
hyperaccumulator species of Thlaspi prefer Zn > Cd > Co, Ni (Henk et al., 1999).  
The growth and accumulation of Zn in N. caerulescens is affected by the presence of other metals in 
the growing environment. Root growth was significantly affected by the concentration of metal 
treatments (Baker et al., 1994b). It was found that Cu significantly inhibited the growth of N. 
caerulescens (Lombi et al., 2001; Walker & Bernal, 2004), whereas Pb had no significant effect on 
its growth when given the same Zn treatment (Walker & Bernal, 2004). Uptake and accumulation 
of Cu in plants was independent of the level of Zn exposure, but an excess of Cu in the solution 
culture reduced Zn in plants (Reboredo, 1994). A combination of Pb and Zn supplied during 
treatment was reported to increase the uptake of Zn, but decrease the uptake of Pb (Symeonidis & 
Karataglis, 1992). The uptake of Zn in N. caerulescens was reduced by 9%, 87% and 84% when 5 
ppm Pb, 1 ppm Cu or 2 ppm Cu was added to the nutrient solution, respectively (Walker & Bernal, 
2004). Zinc and Cd uptake might have been inhibited by either Cu or induced Fe deficiency (Lombi 
et al., 2001; Keller & Hammer, 2004). Ni was reported to significantly inhibit Zn transport under 
combined exposure, but Ni, Co and Cd were not suppressed by Zn exposure (Henk et al., 1999). 
2.5.2. Interaction of Zn and plant nutrients 
Zinc in an essential element for plant growth and for structural and catalytic roles in a number of 
proteins. Therefore, Zn tolerance and accumulation can significantly influence the concentration of 
other nutrients. Interactions between metals and other plant nutrients such as calcium (Ca), 
magnesium (Mg), P, sulphur (S), Fe and potassium (K) in different parts of the plant and/or cells 
has been examined in earlier studies of N. caerulescens (Vazquez et al., 1994; Lasat et al., 1998; 
Cosio et al., 2004; Kupper et al., 2004; Saison et al., 2004; White-Monsant & Tang, 2013). The 
presence of heavy metals was theorized to inhibit the uptake of other plant nutrients by competition; 
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influence on root membranes, ATPases and other carriers; root damage and decreased respiration 
(Siedlecka, 1995).  
Concentrations of Ca and Mg in the shoots N. caerulescens were reduced around 30 times and 18 
times, respectively, when Zn and Cd were added to the soil, respectively  (Saison et al., 2004). Zinc 
and Ca were reported to have a strong relationship in the shoots of N. caerulescens. Zinc 
phytoextraction from soil was enhanced by Ca(NO3)2 treatment compared with other nitrogen 
fertilizers NH4+, urea or treatment with the chelator EDDS (Monsant et al., 2008). Zinc and Ca were 
also found to co-increase and co-localize in the upper and lower epidermal cells in leaves of N. 
caerulescens (Monsant et al., 2010). It was reported that the high concentration of Zn in the 
vacuoles and the cell walls (apoplast) of epidermal cells were observed to associate with high 
concentrations of Ca (Vazquez et al., 1994). Phosphorus was found to reduce Zn concentration in 
many crop species (Pierzynski, 1993). In N. caerulescens, the hyperaccumulation of Zn did not 
induce P deficiency (Zhao et al., 1998). However, other research found that there was no 
relationship between Zn and either P or S (Frey et al., 2000), although the concentrations of Ca and 
P in epidermal sap of N. caerulescens was found to generally decrease with increasing Zn 
accumulation (Kupper et al., 1999). Although S has been reported to be involved in heavy-metal 
resistance in hyperaccumulating plants (e.g. PCs), S ligands were not found to be involved in Zn 
resistance in N. caerulescens (Kupper et al., 2004). 
The Fe status of N. caerulescens, Fe-sufficient or Fe-deficient, had little effect on the ability to 
absorb Zn, but it significantly influenced Cd uptake (Lombi et al., 2002a). The same study found 
that Fe deficiency significantly increased Cd uptake in the Ganges ecotype of N. caerulescens due 
to a specific protein called the Zn-regulated transporter that is independent of the Fe status of the 
plant. The growth of plants was inhibited when Pb and Cd were applied with Fe-citrate, but growth 
was only inhibited when Cd was applied with Fe-EDTA. Furthermore, Mn accumulation 
significantly decreased when Zn was added into a nutrient solution (Walker & Bernal, 2004). 
2.6. Maximizing phytoextraction by modelling 
Improving the efficiency of phytoremediation/phytoextraction for commercial application, 
mathematical models have been referred as a value tool not only for prediction, analysis, planning 
and cost-effecitve design, but also for optimal parameters such as harvesting time, irrigation 
schedules, etc (Verma et al., 2006). The complete design of such phytoremediation/phytoextraction 
program requires the understanding of heavy metal behavior in soil, water and plant in order to fit 
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Different phenomena such as metal adsoprtion in soil, water movement in unsaturated zone, metal 
uptake by plant root, plant growth with time have been studied and simulated by governing 
equations using various mathematic techniques in a variety of plant species (Shashi, 2004; Verma et 
al., 2007; Šimůnek & Hopmans, 2009; Panina & Shein, 2014). Behavior of heavy metal movement 
in soil, water and plant root system was developed amd simulated based on behavior of water 
movement and its uptake by the plant roots (Verma et al., 2006) and the regular uptake and 
transport of Zn in yeast and into the hyperacumulating plant root cells by some specific protein 
transporters also simulated and reported by Eguchi et al. (Qian et al., 2005; Claus & Chavarria-
Krauser, 2012). In these mathematical models, the one-dimensional Richards equation with a root 
extraction coupled with the solute transport equation makes a set of partial differential equations 
that are solved numerically by a finite element technique. The heavy metal uptake is assumed to 
follow Michaelis - Menton kinetics. The nonlinear equations are solved using the Gauss elimination 
method to determine the temporal and spatial changes in moisture content and heavy metal 
concentration within the soil pores (Shashi, 2004).  
For phytoextraction of Zn by N. caerulescens, several mathematical models have been developed 
and most of these models simulated the process of metal root uptake in the rhizosphere, and genetic 
and molecular characteristics of N. caerulescens (Whiting et al., 2003; Qian et al., 2005; Peer et al., 
2006). Practically, amount of the potential Zn removal by N. caerulescens can be calculated by 
multiplying shoot biomass and metal content. However, the sufficient Zn removal by the plant will 
be decided by the sufficient uptake of Zn from the soil, thus, study into enhancing Zn availability 
and mobility in soil will be as important as understanding and improving Zn uptake by the plant. 
Whiting et al. (2003) developed a solute transfer model to predict Zn concentration in the 
rhizosphere solution for maximal phytoextraction, via a set of data: the metal concentration in the 
soil solution, the buffer power of the soil, diffusion coefficient for the metal, water movement, root 
size and morphology, and the rate of entry of metal into the roots. The model predicted the optimum 
Zn accumulation by N. caerulescens at the Zn concentration <27 μM in the bulk soil solution, and 
also indicated that Zn diffusion was more important than transpiration-driven mass flow for Zn root 
uptake. It was reported that the whole process of metal accumulation by hyperaccumulators, 
including Zn uptake, divides into five stages: mobilization, uptake and sequestration, xylem 
transport, unloading and tissues distribution (Clemens et al., 2002; Lombi et al., 2002a; Yang et al., 
2005). Modelling typical genetic characteristics of the plant and specific proteins involved in the Zn 
transport into the plant cells such as ZIP family, HMA (heavy-metal-ATPases) and MTP (metal 
tolerance protein) has been developed to simulate the mechanisms involving in tolerance and 
hyperaccumulation of Zn (Lasat et al., 1996; MacDiarmid et al., 2000; Pence et al., 2000; Clemens, 
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2001; Deniau et al., 2006; Plessl et al., 2010). The models can be used to identify constraints to 
efficient Zn phytoextraction for marketable phytoextration of N. caerulescens. 
2.7. Conclusions 
Phytoextraction is an attractive technology for removing heavy metals from the contaminated 
environment. Optimizing and enhancing heavy-metal accumulation by hyperaccumulating plants is 
necessary to improve efficiency of phytoextraction.  
Zinc is a contaminant of significant interest to agriculture, mining and urban area globally because 
of phytotoxity and risks to human health. Phytoextraction of Zn is a suitable method for 
detoxification and rehabilitation of large Zn contaminated soil areas.  
From the literature it is evident that Zn hyperaccumulation in N. caerulescens is affected by plant 
growth status, Zn bioavailability and of the presence of other metals in the growing environment. 
However, the results reported in the literature on the impacts of these factors on Zn 
hyperaccumulation are inconsistent and the mechanisms of heavy-metal detoxification and 
interaction in N. caerulescens are not fully understood. 
2.8. Hypothesis 
The general hypothesis is that plant growth, Zn bioavailability and the presence of other heavy 
metals affect the efficiency of Zn phytoextraction by N. caerulescens. This project also aims to 
elucidate Zn detoxification mechanisms via Zn accumulation, distribution and multi-element 
interaction in N. caerulescens.  
2.9. Aims of research 
The general aims are: 
1) To investigate the effect of plant growth, plant age, Zn bioavailability and the presence of other 
metals on Zn tolerance, Zn accumulation and Zn phytoextraction by N. caerulescens. 
2) To elucidate the Zn distribution and multi-element interaction in the hyperaccumulator N. 
caerulescens. 
3) To understand the Zn detoxification mechanisms in N. caerulescens by examining the 
characteristics of Zn accumulation and distribution at the levels of whole plant, tissue and cell. 
The specific aims of the individual experiments are: 
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Chapter 3. 
• To assess the capacity of Zn uptake and tolerance by N. caerulescens for short- and long-
term Zn treatment and benchmark the results with the non-hyperaccumulator Thlaspi 
arvense.  
• To elucidate the Zn detoxification mechanisms of N. caerulescens by characterizing Zn 
distribution and assessing the influence of Zn uptake on the uptake of other elements in 
plant tissue.  
Chapter 4. 
• To examine the effects of Cu and Pb on plant growth, the uptake and hyperaccumulation of 
Zn and other nutrients in the N. caerulescens.  
• To elucidate the specific distribution of Zn, Cu, Pb at the cellular level in N. caerulescens 
leaves.  
Chapter 5. 
• To investigate the accumulation and tolerance to Zn and Pb of N. caerulescens. 
• To elucidate the distribution of Zn at the cellular level in living cells by using selective 
fluorescent molecular probes and confocal microscopy. 
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Highlights 
 Great ability of young N. caerulescens plants to accumulate Zn in shoots. 
 Reduction of Ca and P concentration in shoots and roots of N. caerulescens with increasing 
amount of Zn treated and Zn accumulation. 
 Zn crystals found in leaf epidermal cells and root cortex of N. caerulescens. 
 In the plant tissues, P and S co-localized while Ca localized with Zn. 
Abstract 
Understanding the uptake mechanisms of heavy metals by hyperaccumulators is necessary for 
improving phytoextraction options to reduce metal toxicities in contaminated soils. In this study, the 
capacity of Zn uptake by the hyperaccumulator Noccaea caerulescens was investigated and 
compared to the non-hyperaccumulator Thlaspi arvense. The plants were grown under hydroponic 
conditions in a glasshouse. The distribution of Zn in the roots and leaves of these species was 
investigated by scanning electron microscopy with energy-dispersive X-ray analysis. Compared 
with the control with no Zn added, it was shown that prolonged Zn treatments decreased the 
biomass of both N. caerulescens and T. arvense. Since N. caerulescens requires Zn for growth, no 
Zn toxicity symptoms were observed, even when the Zn concentration in shoots reached 2.5% dry 
mass. T. arvense showed serious Zn toxicity only after two weeks of Zn treatment. Zn uptake by N. 
caerulescens was mainly translocated to the leaves while almost all of the Zn taken-up by T. 
arvense was retained in the roots. In N. caerulescens, increased concentrations of Zn in the shoots 
resulted in reductions in Ca and P concentrations by up to 50% and 35%, respectively. Zn-
containing crystals were abundant in both the upper and lower epidermal cells of the leaves and in 
the cortex of the roots during the later growth phase. Co-localization of Ca and Zn, P and S were 
found in leaf and root tissues. The results suggest that Zn-rich crystals with an abundance of the Zn 
ligand in the roots and shoots, and co-localization and interaction between Zn and other ions, may 
have functional significance with respect to conferring particular attributes to N. caerulescens that 
are not present in the non-hyperaccumulator counterpart. An understanding of these species-specific 
differences has relevance from the perspective of offering some insight into how particular species 
could contribute to a strategy for the detoxification of Zn-contaminated sites. 
26 
3.1. Introduction 
Phytoremediation through the use of specialized plants and their repetitive harvesting is potentially 
an efficient detoxification method for metal-contaminated environments including soil, water and 
sewage sludge (Baker et al., 1994a). It has been considered a suitable technique when 
environmental health is a priority, and lengthy treatment is acceptable or alternative remediation 
technologies are prohibitive or unavailable (Monsant et al., 2010). Plant species that accumulate 
large quantities of heavy metals in their shoot are known as heavy metal-hyperaccumulator plants 
and are usually referred to as hyperaccumulators (Baker & Brooks, 1989). More than 400 plant 
species have been recorded as hyperaccumulators and a significant number have the ability to 
accumulate two or more elements (Baker et al., 2000).  
Of the known hyperaccumulators, Noccaea caerulescens (formerly known as Thlaspi caerulescens) 
is one of the few model heavy metal hyperaccumulating plants. This species is able to accumulate 
up to 40000 mg kg-1 of Zn and 18000 mg kg-1 of Cd in the shoot dry biomass without any toxic 
symptoms (Shen et al., 1997; Saison et al., 2004), while the normal Zn concentration for most 
plants is in the range of 30 - 100 mg kg-1 dry mass (Marschner, 1995). Grown on contaminated 
industrial soil, N. caerulescens can have higher biomass and lower mortality rates than on 
agricultural soil (Saison et al., 2004). The properties of Zn and Cd accumulation exhibited by N. 
caerulescens make it an excellent experimental species for studying the mechanisms of metal 
uptake, accumulation, and tolerance relating to metal phytoextraction (Lasat et al., 1996; Lasat et 
al., 1998; Lasat et al., 2000; Monsant et al., 2011) and exploring the ability to exploit these 
properties for the remediation of heavy metal-polluted sites. 
The distribution of metals within plant tissues is considered an important property and an indirect 
indicator of a detoxification mechanism (Boominathan & Doran, 2003). Zn, Cd, Co, Mn and Ni 
were readily transported to the shoots, while the higher proportion of Al, Cr, Cu, Fe and Pb 
remained in the roots (Vazquez et al., 1994). In N. caerulescens leaves, Zn is mainly located in the 
epidermal cells, with smaller amounts found in the mesophyll cells and the leaf veins (Vazquez et 
al., 1994; Kupper et al., 1999; Frey et al., 2000). It has been shown that 88% of the Zn is in the 
upper and lower epidermis whereas only 12.4% of Zn remains in the mesophyll cells (Monsant et 
al., 2010). In contrast to the overall plant distribution of Zn among tissue and cell types, Zn 
accumulation in the epidermis occurs mainly in the vacuoles, and to a lesser extent in the apoplast. 
Globular Zn crystals in the vacuoles of epidermal and sub-epidermal leaf cells were observed at a 
foliar Zn concentration of 13,600 mg kg-1 (about 1.3 % dry weight) while only small Zn deposits 
were found in the epidermal and sub-epidermal cells of roots that contained between 1000 and 
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18300 mg Zn kg-1 dry weight (Vazquez et al., 1994). These crystals have a high Zn/P ratio 
(Vazquez et al., 1994).  
High concentrations of Zn in vacuoles and cell walls (apoplast) of epidermal cells are observed to 
always associate with high concentrations of Ca (Vazquez et al., 1994), and in leaf cells of N. 
caerulescens it is found that Zn and Ca can co-locate (Monsant et al., 2010). The Zn and Ca 
concentrations are 36000 and 8600 mg kg-1, respectively, in the upper epidermis in the leaf and 
20000 and 6200 mg kg-1, respectively, in the lower epidermis. Zn uptake per se has also been 
shown to be influenced by the presence of other elements. For example, Zn uptake by N. 
caerulescens was significantly reduced when other metal ions such as Pb or Cu were added to the 
culture solution (Walker & Bernal, 2004), but a high Zn concentration may also reduce the uptake 
of other elements. It has been reported that Mn uptake, for example, is greatly reduced by 
increasing Zn concentration, whereas Zn and Cd uptake is possibly reduced by Cu (Lombi et al., 
2001; Keller & Hammer, 2004). Zn uptake by N. caerulescens was reduced by 15% by adding 50 
µM of Cd to the culture solution, but adding 50 µM Zn was shown to inhibit Cd uptake by 30% in 
protoplasts of N. caerulescens (Cosio et al., 2004). Other findings showed that the concentrations of 
Ca, P and Cl in the epidermal sap generally decreased with increasing Zn concentration (Kupper et 
al., 1999), while no correlation was found between the uptake of Zn and P, S or Cl (Frey et al., 
2000). 
Determining the growth period over which the plant has the maximum capacity for Zn uptake and 
elucidating the internal Zn distribution strategy that may confer a detoxification capability are 
necessary for improving and developing technologies for the use of N. caerulescens in a role in Zn 
phytoextraction. This study aims to assess the capacity of Zn uptake and tolerance by N. 
caerulescens for short- and long-term Zn treatment and to benchmark the results relative to the non-
hyperaccumulator Thlaspi arvense. It also aims to further elucidate the Zn detoxification 
mechanisms of N. caerulescens by characterizing Zn distribution and assessing the influence of Zn 
uptake on the uptake of other elements in plant tissue. We hypothesized that specific localization of 
Zn in tissues of N. caerulescens would enhance Zn uptake by the plant more effectively than the 
non-hyperaccumulator. The Zn uptake was also hypothesized to affect the uptake of other elements 
into the plant. 
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3.2. Material and methods 
3.2.1. Plant growth 
Seeds of N. caerulescens and T. arvense that had been held in cold storage were brought to room 
temperature (23oC) 24 h prior to use. Seeds were rinsed with 0.5% NaClO for 5 min for sterilization 
and then rinsed again in tap water (Monsant et al., 2010). The seeds were then germinated on wet 
filter papers in an incubator (TRISL-490-1VW, Thermoline Scientific, Australia) under dark 
conditions and with temperature set at 23oC. One-week-old uniform seedlings were transplanted 
into foam strips which kept the plants in direct contact with a basal nutrient solution made up of the 
following (in μM) (Monsant et al., 2010): 20 KH2PO4; 600 K2SO4; 200 MgSO4; 100 CaCl2; 10 
FeEDDHA; 10 FeNaEDTA; 5 H3BO3; 1 MnSO4; 0.2 CuSO4; 0.03 Na2MoO4; and 600 Ca(NO3)2 as 
a nitrogen source. The plants were cultured in the incubator for a further 10 days with a 16h/8h 
day/night cycle. The plants were then transferred to a temperature-controlled glasshouse (22 ± 3°C) 
with natural light. Seedlings of N. caerulescens and T. arvense were selected for uniformity and 
then grown in groups of four plants per pot in closed-cell foam strips inserted into rigid plastic discs 
placed on top of 5L black polyethylene pots in a glasshouse. Each pot contained nutrient solution, 
which was continuously aerated with pin-hole air outlets.  
A factorial experiment consisted of five Zn concentrations: control (no Zn added), 200, 300, and 
500 μM, with three replicates across two Thlaspi species: Noccaea caerulescens (Prayon) and 
Thlaspi arvense. The Zn additions (as ZnSO4 solution) commenced seven weeks after seedlings 
were transferred to the hydroponic culture pots. Nutrient solutions were replaced every three days.  
3.2.2. Plant harvest and analysis 
Plants were harvested 2, 5, 7 and 16 weeks following the introduction of Zn. The plants were 
washed three times in de-ionized water, and shoots and roots were separated at the root-shoot 
junction. Fresh weights were recorded and the samples were oven-dried in paper bags at 80°C for 
24h. Sample dry mass was recorded immediately prior to grinding in a mortar. The whole shoot and 
root (in the case where shoot and/or root dry mass was under 0.1 g) or 0.1 g subsamples of the 
shoots and roots were placed into 50 mL digestion tubes and digested in 6 mL concentrated HNO3 
70% (v/v) mixed with 2 mL hydrogen peroxide H2O2 (v/v) using a microwave open vessel method 
in a microwave digester (START D Microwave Digestion System, Milestone S.r.I., Italy) for a total 
of 1 h 25 min (samples were heated for 10 min to reach 80oC and then for 15 minutes to rise to 
125oC, held at this temperature for 30 min and finally ventilated for 30 min). The entire process was 
carried out at an energy setting of 700 W. After cooling the digested solutions to room temperature, 
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the digests were diluted with triple-deionized water and zinc concentrations were measured by 
atomic absorption spectroscopy (AAS) (AAnalyst 400, Perkin Elmer). Contents of other elements 
were determined by inductively coupled plasma–optical emission spectroscopy (ICP-OES, Optima 
7300 DV, Perkin Elmer). As reference materials for N. caerulescens, tobacco leaves (ASPAC 120) 
and apple leaves (NIST 1515) were included in the element analyses for quantitative verification of 
the results.  
3.2.3. Sample preparation for Scanning Electron Microscope 
Elemental distribution and composition of experimental plants was determined from subsamples of 
freeze-dried root and leaf materials. The fresh roots were washed gently in deionized water, blotted 
dry and then cut into cross-sections using razor blades. The three-week root samples were cut into 
1-2 cm long transverse cross-sections at the zone of cell maturation and elongation. The 16-week 
root samples were divided at the middle into longitudinal cross sections (4-8 mm wide x 1.2-2.4 cm 
long) and the whole root sections were freeze-dried. Fresh mature leaves were cut into rectangular 
sections of approximately 1 cm wide x 2 cm long that included the midrib but excluded the leaf 
edges. The root and leaf samples were rapidly frozen by plunging into liquid nitrogen, and then 
placed into pre-cooled Eppendorf tubes and kept under vacuum for 48 hours at -30°C. Before 
samples were mounted on a scanning electron microscope (SEM) PST IA023 stub (Frey et al., 
2000), the freeze-dried root samples were cut into 3-5 mm transverse cross-sections and the freeze-
dried leaf samples were cut into cross-sections of 0.5 mm wide x 1 mm high. For the SEM 16-week 
root samples, both longitudinal and traverse cross-sections at the cell maturation, elongation and 
division zones, as well as the freeze-dried whole root samples, were mounted on stubs for SEM. 
The Scanning electron microscopy–energy dispersive X-ray spectra and X-ray mapping (SEM–EDS 
and elemental mapping) technique was used to determine the Zn distribution in the leaves and roots 
of the plant samples, which allowed for the qualitative estimation of Zn between different tissues at 
specific areas. It also enabled the composition of Zn-associated elements in the samples to be 
determined. 
3.2.4. Statistical analysis 
One-way and two-way analysis of variance (ANOVA) of dry mass and Zn content were performed 
using Genstat 4.2 (VSN International, UK) and SPSS 19 (SPSS Inc., USA). Sample means and 
standard errors were calculated using Microsoft Excel 2010. Results were considered significant at 
the 0.05 probability level (p < 5%). Bivariate correlations, r, were calculated with SPSS using 
Pearson’s correlation coefficient and a 1-tailed test of significance at the 0.01 and 0.05 levels. 
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3.3. Results  
3.3.1. Effects of Zn treatment to plant growth 
Two weeks after the introduction of Zn, shoot dry mass of the hyperaccumulator N. caerulescens 
increased by approximately 30% in the 200 µM and 300 µM Zn treatments in comparison with the 
control (no added Zn) (Figure 3-1a). However, the dry mass of both roots and shoots was reduced 
by 25% in the 500 µM treatments, compared to the 200 µM and 300 µM treatments (Figure 3-1a). 
Similarly, the shoot and root biomass of the non-hyperaccumulator T. arvense was higher in the 200 
µM and 300 µM Zn treatments than in the control. At 500 µM Zn, the root dry mass of T. arvense 
decreased by almost 25%, but a less significant decrease in the shoot dry mass was observed 
(Figure 3-1b). Moreover, at the 500 µM Zn concentration, the non-hyperaccumulator showed severe 
Zn toxicity symptoms (photo not shown) such as stunted growth, and yellowing and wilting of 
shoot parts. Under the same Zn growth conditions, the accumulated biomass of the non-
hyperaccumulator T. arvense was much higher than the biomass produced by the hyperaccumulator 
N. caerulescens (Figure 3-1). The average shoot dry mass of the hyperaccumulator N. caerulescens 
ranged from 40 to 65 mg per plant (Figure 3-1a), while for the non-hyperaccumulator T. arvense, 
the weight varied from 120 to 220 mg per plant (Figure 3-1b). 
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Figure 3-1. Dry mass of shoot and root of the hyperaccumulator N. caerulescens (a) and non-
hyperaccumulator T. arvense (b) two weeks after Zn treatments. Hereafter, bars represent standard 
errors (SE) of the means of the treatments (n = 3) with the same species if not otherwise stated. 
Noccaea caerulescens showed greater capacity for Zn tolerance than the non-hyperaccumulator T. 
arvense under the high Zn concentration treatment. Noccaea caerulescens kept growing well after 
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five and seven weeks in the Zn treatments (Figure 3-2), while T. arvense almost died two weeks 
after Zn introduction. The dry mass of shoots and roots of N. caerulescens was higher after seven 
weeks than five weeks exposure to Zn in all treatments, except for the shoot dry mass in the 
treatment with 500 µM Zn. The highest value of root dry mass was recorded in the control after 
seven weeks (an average of 160 mg) (Figure 3-2b), while the highest value of shoot dry mass (550 
mg) was in the 200 µM Zn treatment (Figure 3-2a). Increasing the Zn concentration increased both 
root and shoot dry masses up to the fifth week, while there was a reverse direction of shoot and root 
dry mass in the seventh week in which shoot and root dry mass was reduced in all Zn treatments. 
For the treatment of 500 µM, shoot biomass after five weeks was 50% greater than the control, but 
only 15% above the control at seven weeks (Figure 3-2a). Although plant growth tended to be 
inhibited after seven weeks, no visible toxicity symptoms (such as purple leaves or stunted rosette) 
were observed. The optimal Zn concentration for growth of N. caerulescens appeared to be in the 
range of 200 µM to 300 µM. 
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Figure 3-2. Dry mass of shoot (a) and root (b) of N. caerulescens harvested after five weeks (5W) 
and seven weeks (7W) at different Zn concentrations.  
3.3.2. Zinc accumulation in N. caerulescens and T. arvense 
Noccaea caerulescens responded rapidly to the changes in the concentration of Zn in solution and 
within two weeks, Zn concentrations in shoots and roots of this species increased markedly (Figure 
3-3). Without Zn treatment (the control), Zn concentration was around 0.02% in the shoots and 
0.012% in roots (dry weight basis). These values increased to 1.5-2.5% and 0.5-1% in shoots and 
roots, respectively, when grown in culture solution with Zn added at concentrations of 200 µM to 
500 µM (Figure 3-3a). In contrast, the non-hyperaccumulator T. arvense had a much lower overall 
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capacity for Zn accumulation, with most of the Zn taken up by T. arvense remaining in the roots 
(Figure 3-3b). Zn concentration varied from 0.4 to 0.6% in roots and was only 0.03-0.05% in shoots 
when the Zn treatment increased from 300 µM to 500 µM in T. arvense (Figure 3-3b). Without 
adding Zn, the concentration of Zn in both root and shoot tissues of T. arvense was about 0.015%, 
which was similar to that in N. caerulescens. The Zn content in N. caerulescens was 3 to 5 times 
higher in T. arvense at equivalent concentrations, depending on the concentration (Figure 3-3c). 
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Figure 3-3. Effect of Zn treatments after two weeks on (a) Zn concentration (mg kg-1) of the 
hyperaccumulator N. caerulescens, (b) Zn concentration (mg kg-1) of the non-hyperaccumulator T. 
arvense and (c) Zn content (mg plant-1) (Zn content = Zn concentration * dry mass of shoots or dry 
mass of roots).  
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The Zn concentration in the roots and shoots of N. caerulescens was highest for the 500 µM Zn 
treatment, ranging from 1.9% to 2.3% in shoots, and 0.9% to 1.1% in roots (Figure 3-4a). The 
control Zn concentration at two weeks of approximately 0.02% in the shoots had increased to 0.3% 
at seven weeks, suggesting substantial cross-contamination. Apart from the analysis at seven weeks 
following the introduction of Zn, the Zn concentrations in the roots and shoots of the 200 µM and 
300 µM Zn treatments were not significantly different. Shoot to root Zn concentration ratios 
represent the gap between Zn concentrations in roots and shoots (Figure 3-4b). In general, these 
ratios changed from 2 to 3.5, except for the control after seven weeks and the treatment of 300 µM 
after two weeks. Upon fixed Zn treatment, the shoot to root Zn concentration ratio tended to 
decrease over the treatment length (two weeks to seven weeks), from 2.6 to 2.0 at the 200 µM Zn 
treatment, from 4.1 to 2.1 at the 300 µM Zn treatment and from 2.3 to 2.0 at the 500 µM Zn 
treatment, respectively (Figure 3-4b). This decrease might be related to the large amount of Zn 
remaining in the roots (Figure 3-4a). The shoot:root ratio of Zn in the 200 and 300 µM treatments 
was also higher than in the 500 µM Zn treatment at the same harvest times. In general, the total Zn 
content of shoots and roots increased with increasing concentrations of Zn and harvest times (Figure 
3-4c).  
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Figure 3-4. Effect of Zn treatments on (a) Zn concentration of shoots and roots (mg kg-1), (b) shoot-
to-root Zn concentration ratio and (c) Zn content in shoots and roots of the hyperaccumulator N. 
caerulescens at different harvest times: two weeks (2W), five weeks (5W) and seven weeks (7W) 
after Zn treatments applied 
The concentrations of Zn supplied appear to have some effect on the concentrations of other 
elements such as Ca, Mg, Fe, K and P in the shoots and roots of N. caerulescens (Figure 3-5). In 
particular, Ca and P concentrations decreased by 50% and 35% compared to the control in both 
roots and shoots, respectively, of those plants exposed to 500 µM Zn. Concentrations of Mg and S 
did not significantly change in shoots, but significantly decreased in roots. The Fe concentration in 
roots increased with an increase in the Zn concentration of the treatments, but there appeared to be a 
small reduction of Fe in the shoots of the same plants or treatments, while the Zn concentration in 
shoots and roots of N. caerulescens showed strong positive correlations with Zn concentration of 
treatment (r = 0.92 and 0.966 at p < 0.01, respectively). In contrast, Ca concentrations in shoots and 
roots had negative correlations with the Zn concentration of treatments (r = - 0.815 and -0.925 at p 
< 0.01, respectively). Similarly, the uptake of P negatively correlated with the concentration of Zn 
in the solution culture: r = -0.576 in shoots (p < 0.05) and r = -0.724 (p < 0.01) in roots. Uptake of 
Fe by roots positively correlated with an increase in the Zn concentration of treatments (p < 0.01). 
The K concentration in the plant was not significantly affected by Zn treatments. 
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Figure 3-5. Concentration of other elements: Ca (a), Mg (b), P(c), S(d), Fe (e) and K (f) (mg kg-1 
dry mass) in roots and shoots of N. caerulescens after five weeks of Zn treatment (n = 3). 
Concentrations assigned different letters (A, B, C for element concentration in shoot; a, b, c for 
element concentration in root) show significant differences between the means (p < 0.05). 
There was a correlation between elemental concentrations in N. caerulescens roots and shoots. A 
Pearson’s correlation analysis between concentrations of elements (Table 3-1) showed that Ca had 
the most significant negative correlation with Zn accumulation both in shoots (r = - 0.934) and roots 
(r = -0.939). Similarly, Mg and P were also negatively correlated with Zn accumulation. In contrast, 
Fe and Zn had the highest positive correlation in shoots (r = 0.864, p < 0.01). The uptake of Ca 
positively correlated with Mg and P accumulation, but negatively correlated with Fe uptake in 
shoots (p < 0.01). There was no significant correlation between Ca and P in shoots. Fe negatively 
correlated with Mg (r = - 0.764, p < 0.01) and S (r = -0.605, p < 0.05), but was not correlated with P 
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(r = - 0.528). There was no significant correlation between S and Zn. P uptake had a significantly 
negative correlation with Zn accumulation (r = - 0.789, p <0.01), whereas Ca and P showed a 
strongly positive relationship in the roots (r = 0.793, p < 0.01). 
Table 3-1. Correlations of statistical significance between concentration of Zn and other elements 
in shoots and roots after five-week Zn treatments (n = 12). No significant correlation between 
elements was excluded from this table. Pearson’s correlation and a two-tailed test of significance at 
the 0.01 and 0.05 level were applied 
Element r Level of significance Metabolite 
Shoot 
Zn -0.934 0.01 Ca 
Zn -0.767 0.01 Mg 
Zn -0.649 0.05 P 
Zn -0.438 ns S 
Zn   0.864 0.01 Fe 
Ca  0.849 0.01 Mg 
Ca -0.857 0.01 Fe 
Ca  0.733 0.01 P 
Ca  0.493 ns S 
Mg -0.764 0.01 Fe 
P -0.528 ns Fe 
S -0.605 0.05 Fe 
 
Root 
Zn -0.939 0.01 Ca 
Zn -0.789 0.01 P 
Ca  0.793 0.01 P 
S  0.412  ns K 
* ns: Correlation not significant difference 
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3.3.3. Zn distribution in root and leaf tissues of N. caerulescens and T. arvense after short-
term Zn treatments 
A: 500 µM
50 µm Ca PZn
B: 0 µM
Ca P S100 µm Zn
 
Figure 3-6. SEM elemental maps of N. caerulescens leaf across sections of the Zn treatment of 500 
µM (A) and control (0 µM) (B) after three weeks. Hereafter, the color scale shows X-ray intensity 
from low (black, blue) to high (red, white). A: Zn is dominant in epidermal layers (both the upper 
and lower epidermis), but almost absent from the mesophyll and vein cells. Ca is abundant and 
distributed homogeneously. P and S are higher in the mesophyll and vein cells than in the epidermal 
cells. The white horizontal scale bars are 50 µm. B: Low Zn is present in the leaf sections. There is 
abundant Ca but this is heterogeneously distributed between the upper and lower epidermises. P is 
high in the areas, where Ca is low. The white horizontal scale bars are 100 µm. 
Elemental maps of Zn, Ca, P and S across freeze-dried fractures of leaf sections of N. caerulescens, 
as determined using SEM, are shown in Figure 3-6. Distributions of elements in the leaves of N. 
caerulescens were compared for the highest concentration of Zn added (500 µM) and the control (0 
µM) at 3 weeks. The maps show that there was a large difference in Zn distribution between the 500 
µM Zn treatment and the control. Zn occurred at high levels in the epidermal cells of leaves in the 
500 µM Zn treatment, but there was a low occurrence in leaves of the control. Ca was abundant 
across leaf sections and favored the epidermal cells over the mesophyll cells. Distributions of P and 
S were similar. They were abundant and co-localized in leaf tissues. Both P and S were distinctly 
higher in the leaf veins. However, there was an invisible elemental distribution difference in the 3-
week root sections of N. caerulescens (data not shown). 
Figure 3-7 shows the Zn, Ca, P and S maps of frozen fractures of root sections taken from the non-
hyperaccumulator T. arvense. Interestingly, in T. arvense, Zn-rich crystallization was found 
abundantly in the root sections, while it was absent in leaves (data not shown). The Zn-rich 
crystallization was distributed mainly in the cortex and the highest distribution was observed at the 
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ridge between the stele and the cortical cells of the roots. Ca accumulation was mainly in the cortex 
and the epidermis, and the distribution of S was quite similar to that of Ca across the root section, 
but at a higher concentration than Ca. P was found to be distributed widely but accumulated mainly 
in the ridge between the cortex and stele. The crystals contained a large amount of P and a 
significant amount of S (data not shown). According to quantitative Zn analysis (data not shown), 
the Zn concentration in the roots and shoots of the non-hyperaccumulator was approximately 6000 
mg kg-1 and 1000 mg kg-1, respectively. These results would suggest that Zn crystals could be found 
in the roots of the non-hyperaccumulator T. arvense when the T. arvense shoots showed Zn toxicity 
symptoms and the root Zn concentration was around 6000 mg kg-1. 
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Figure 3-7. SEM images and elemental maps of frozen-fracture across root section of the non-
hyperaccumulator T. arvense after the 500 µM Zn treatment for three weeks. Zn-rich crystallization 
was abundant in the root sections, and its distribution was dominant in the cortex. The highest 
distribution occurred close to the root stele. Ca was abundant and its distribution was homogeneous 
in the cortex. P was high and its distribution was mainly in the junction between the cortex and 
stele. The white horizontal scale bars are 5 µm. 
3.3.4. Zn distribution in root and leaf tissues of N. caerulescens after long-term Zn treatments 
In order to further examine the Zn distribution and partitioning strategies observed in the seventh 
week, it was decided to sample N. caerulescens plants that had been kept continually supplied with 
Zn (and treated as described in the primary experiment) until the 16th week, by which time this 
species was also showing severe Zn toxicity symptoms.  
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Figure 3-8. SEM images and elemental maps of frozen-fractures leaf sections of N. caerulescens 
after Zn treatments for 16 weeks. Zn-rich crystals were dominant in epidermal cells (both the upper 
and lower epidermis) at the Zn treatments of 300 µM and 500 µM. Ca was high in both the 
epidermal cells and the mesophyll cells. Ca was significantly higher in the upper epidermis than in 
the lower epidermis. For the control (0 Zn µM), Zn distribution was insignificant and scattered in 
the leaf. Ca was abundant and its distribution was dominant in the upper epidermal cells and the 
mesophyll cells. Zn and Ca were co-localized in the epidermis of the leaf. The white horizontal 
scale bars are 100 µm. 
Localization of Zn and Ca was determined for leaves after 16 weeks of exposure to the Zn 
concentrations of 0 µM, 300 µM and 500 µM using the SEM-elemental mapping (Figure 3-8). 
Interestingly, Zn-rich crystals of the globular shape were found to be abundant in the leaf epidermal 
cells of the 300 µM and 500 µM Zn treatments. The population of Zn-rich crystals in the epidermal 
tissues treated with 500 µM Zn was higher than that of the 300 µM Zn treatment. Both Ca and Zn 
appeared to localize in the epidermis. 
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Since Zn-rich crystals were found in the leaves of N. caerulescens when the exposure time was 
extended, their presence in the roots was also examined. The 500 µM Zn treatment root anatomy 
was observed by SEM-EDS technique (Figure 3-9). Zn-rich crystals were found to be distributed 
heterogeneously along the root cortex and the ridge between the cortex and stele, being more 
abundant in the cortex of the maturation and elongation cell zones (Figure 3-9A). Zn-rich crystals 
were almost absent in the stele and not observed in the root hairs (data not shown). Ca and Mg were 
found abundantly and homogenously across the root sections (Figure 3-9B). S and P were also 
detected at high levels in the root sections, although while the distribution of P was scattered, S was 
found to mainly occur in the ridge between the cortex and stele.  
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Figure 3-9. SEM images and elemental maps of freeze-dried root sections N. caerulescens after 16 
weeks of the 500 µM Zn treatment. (A): SEM images of (a) a longitudinal root section of the cell 
maturation zone, (b) a transversal cortex region and (c) a Zn-rich crystal in the cortex zone. Zn-rich 
crystals were found abundant in the cortex. (B): SEM image of a longitudinal section at the root 
cortex and its adjacent stele of the cell maturation zone and elemental maps of the image showing 
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that Zn-rich crystals were abundant but scattered in the section. Ca and Mg were abundant but Ca 
was more homogenous than Mg. P was scattered but S was mainly in the cortex. 
Surprisingly, Zn-rich crystals were not observed in N. caerulescens after Zn treatments for three 
weeks (Figure 3-6), even though the Zn concentrations in shoots and roots of the hyperaccumulator 
N. caerulescens were approximately 25000 mg kg-1 and 10000 mg kg-1, respectively (Fig. 3a). 
However, Zn-containing crystals were found in both the leaves and the roots (Figure 3-8& Figure 
3-9) when Zn concentrations of 60000 mg kg-1 in the shoots and 10000 mg kg-1 in the roots (data 
not shown) were achieved by growing on the plants for 16 weeks. It was noted that the Zn 
concentrations in roots remained at the level of 10000 mg kg-1 at the 500 µM Zn treatment from the 
2nd week of Zn supply. These results suggest that Zn-rich crystal formation depends not only on Zn 
content in the root cells, but also on the overloading of Zn sequestration in the leaf tissues. 
3.4. Discussion 
3.4.1. Plant growth and Zn accumulation 
Low biomass is a limitation of N. caerulescens for Zn remediation (Knight et al., 1997; Robinson et 
al., 1998; Reeves et al., 2001). In the current study, shoot biomass of the hyperaccumulator N. 
caerulescens is lower than the non-hyperaccumulator T. arvense, by a factor of 2 to 3, at the two-
week harvest time (Figure 3-1). However, the biomass of N. caerulescens shoots increased by 30% 
with Zn addition in the growth culture compared to the control. This result shows the high Zn 
requirement for growth by N. caerulescens. The result is consistent with previous findings 
(Robinson et al., 1998; Saison et al., 2004), in that growth of N. caerulescens was reduced down to 
50% under Zn-deficient conditions compared to plants grown on Zn-sufficient soils.  
Noccaea caerulescens showed a high capacity for Zn accumulation compared to the non-
hyperaccumulator T. arvense. Zn content accounted for over 2.5% (25 g Zn kg-1) of the shoot dry 
weight after two weeks, without the plant showing any symptoms of toxicity. The Zn concentration 
in shoots of N. caerulescens decreased and was lower in plant tissues in the fifth and seventh weeks 
than in the second week. This result agrees with the findings from other studies on N. caerulescens 
(Lasat et al., 2000; Martínez et al., 2006), which showed higher Zn concentration in shoots after six 
weeks than after 12 or 24 weeks. The reason for this difference is most likely Zn dilution in the 
plant because of the higher biomass of older plants, since metal uptake is usually not proportional to 
biomass (Lasat et al., 2000; Martínez et al., 2006), or the age of the plant (Martínez et al., 2006). 
The higher capacity for N. caerulescens taking up more Zn at an earlier age possibly relates to Zn 
influx and Zn translocation from the roots to shoots when the plant is in a state of Zn deficiency. 
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However, this hypothesis requires further study. The observed phenomenon also inspires a new 
direction for exploiting the plant for Zn phytoextraction at a suitable period of its growth cycle, by 
integrating with an appropriate fertilizer regime to increase shoot biomass without reducing the 
concentration of Zn in shoots (Monsant et al., 2008). The capacity of Zn tolerance and Zn 
accumulation/absorption of N. caerulescens growing on Zn-polluted sites strengthens the potential 
application of N. caerulescens in cleaning up Zn-contaminated soils and sediments at 
concentrations of Zn which may be toxic to other plant species. 
3.4.2. Zn distribution in roots and leaves  
The distribution and storage of Zn in the roots and shoots of N. caerulescens found in this study is 
consistent with previous findings which have shown a high ability of the hyperaccumulator N. 
caerulescens to translocate Zn from the root to the shoot while the non-hyperaccumulator T. 
arvense stores almost all of the excess Zn in the root cells and minimizes Zn transportation to 
shoots (Knight et al., 1997; Martínez et al., 2006). In the hyperaccumulator N. caerulescens, after 3 
weeks, Zn was found to show a high distribution in leaves (Figure 3-6A), while it was almost absent 
from roots (data not shown). Preferential sites of Zn accumulation in the hyperaccumulator were the 
leaf epidermis and root cortex, regardless of the duration of exposure to Zn. The difference in Zn 
distribution within plant tissues is an important property that could act as an indirect indicator of 
detoxification mechanisms which possibly protect metabolically active cellular compartments from 
the toxicity of high Zn concentration (Martínez et al., 2006).  
There were different compositions in the Zn-rich crystals in the non-hyperaccumulator and the 
hyperaccumulator. In the current study, crystals were found in the roots of the non-
hyperaccumulator species, even when Zn content was relatively low and in circumstances when Zn 
toxicity symptoms were evident. These crystals contained high amount of P and S (data not shown), 
indicating a high level of Zn-phytate (C6H18O24P6) and Zn-cysteine. Both Zn-associations are 
reported to have an important role in the detoxification of metal in the form of Zn-association in the 
root cells of the plant (Vazquez et al., 1994; Kopittke et al., 2011). However, the Zn concentration 
at which Zn crystals formed, and the composition of those Zn-rich crystals in the hyperaccumulator 
N. caerulescens, could lead to different conclusions and interpretations. On the basis of the data 
acquired to date, it is difficult to determine the range of Zn concentrations in shoots or roots at 
which Zn-rich crystals can be formed. The previous studies show that Zn-rich crystals in the 
epidermal and sub-epidermal leaf cells appeared at the Zn concentration of 13600 mg kg-1 dry 
weight (1.3%), and Zn deposits in the root cells appeared at the measured Zn concentration from 
10000 to 18000 mg kg-1 (Lasat et al., 1998). According to our results, however, Zn-rich crystals 
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were not observed in N. caerulescens, even when the Zn concentration was roughly equal to 25000 
mg kg-1 (2.5 %) in the shoot and 10000 mg kg-1 (1%) in the roots (Figure 3-3A). In the present 
study, Zn-containing crystals in the leaf and root tissues occurred when Zn concentrations in the 
shoot were measured at approximately 60000 mg kg-1 and at approximately 10000 mg kg-1 in roots. 
This crystal formation occurred after 16 weeks of exposure to elevated Zn, and, hence, it is 
suggested that the formation of Zn-rich crystals in N. caerulescens depends not only on the Zn 
content in plant cells, but also on the overloading and accumulation of Zn in the leaf as a whole. 
3.4.3. Uptake of Zn and Ca, Mg, P, Fe and S  
In the literature, there is evidence of reciprocal interactions between Zn and other elements such as 
Ca, Mg, P and S for different types of plant cells. Some evidence shows that a high concentration of 
Zn is associated with high concentrations of Ca and Mg (Saison et al., 2004). Limestone application 
was reported to decrease Zn concentration in root tissues, while P was found to reduce Zn 
concentration in some crop species (Pierzynski, 1993). Other studies have found no relationship 
between Zn uptake and elements such as P and S, either at the tissue or cellular levels, or in N. 
caerulescens specifically (Kupper et al., 1999; Frey et al., 2000). However, concentrations of Ca, 
Mg, P and K in the epidermal sap of N. caerulescens were found to decrease with increasing Zn 
applications (Kupper et al., 1999; Saison et al., 2004). Zn uptake in protoplast was inhibited by 20-
40% with the addition of 500 µM Zn (White-Monsant & Tang, 2013). Zn and Ca were reported to 
co-localize and co-increase in leaf cells of N. caerulescens (Monsant et al., 2010). Phosphoric acid 
was found to negatively correlate with Zn content in the shoots, but this correlation did not occur in 
the roots or xylem (White-Monsant & Tang, 2013).  
According to our results, a higher concentration of Zn in shoots was associated with lower 
concentrations of Ca (r = -0.934, p < 0.01) and P (r = -0.649, p < 0.05). The concentration of Ca 
and P was reduced by 50% and 35%, respectively, when the Zn supply was increased from 0 µM to 
500 µM, whereas the Zn concentration in shoots increased by 160-fold. Our results support the 
hypothesis of competition between Zn and Ca for plant uptake because of their similar charges and 
similar hydrated radii and the lack of specificity to metal transporters (Saison et al., 2004). Past 
reports suggest that sharing the same transport pathway may also account for the competition 
(Cosio et al., 2004; Saison et al., 2004). Mg, S and K contents in our experiments were 
approximately the same for all Zn treatments, showing that these elements may not be affected by 
Zn uptake, although an increase in Mg concentration has been considered as a possible defense 
mechanism of the plants to reduce potential heavy metal substitution on chlorophyll (Küpper et al., 
1996). Fe was reported to decrease in the shoots of Arabidopsis halleri when elevated Zn was 
44 
applied (Küpper et al., 2000), while the present study found that Fe content in the shoots of N. 
caerulescens was not affected significantly by any of the Zn treatments. The concentration of Fe in 
the roots was much higher than that in the shoots and this result agrees with the literature (Baker et 
al., 1994b), in that Zn was readily transported to the shoots, while large amounts of Fe remained in 
the roots.  
Our study found Zn-rich crystals available in the roots and shoots, but there were different types of 
elemental compositions between the Zn-rich crystals in these two locations. This finding concurs 
with reports from other studies (Vazquez et al., 1994; Zhao et al., 1998). The Zn-containing crystals 
may be the evidence supporting the hypothesis of the detoxification mechanism that acts via the 
precipitation of insoluble salts. The Zn-rich crystals were reported to be metal-phytate (inositol 
hexakisphosphate IP6 - C6H18O24P6) for inactivating Zn in plant vacuoles (Vazquez et al., 1994), 
but other reports have concluded that it is not Zn-phytate (Kupper et al., 1999). The Zn crystals 
have been suggested as Zn-phytates (Zn3-phytate Zn3(PO4)2, Zn2-phytate ZnPO4) in the root tissues 
of N. caerulescens, but not in the shoots (Zhao et al., 1998). This apparently points to P 
concentration being related to Zn concentration. P concentration was reported to negatively relate to 
Zn concentration in shoots, but positively relate to Zn concentration in roots, especially between 
insoluble P and insoluble Zn (Zhao et al., 1998). Phytate has been known to make some micro-
nutrient minerals such as Zn and Fe and, to lesser extent, some macro-nutrient minerals such as Ca 
and Mg, non-absorbable. Recently, Zn-phytate was recorded at a low proportion (5-25%) in the 
shoots but high in the roots (45-49%) in N. caerulescens (White-Monsant & Tang, 2013). Our 
results show that P concentration was reduced by 50-60% in shoots exposed to 500 µM Zn for 16 
weeks, and Zn-rich crystals in the epidermal cells of N. caerulescens leaves contained low 
concentrations of P, and significant amounts of Ca and Mg (data not shown). Therefore, we suggest 
that the Zn-crystals in leaves of N. caerulescens may not be Zn-phytate. Significant amounts of S 
and P were found in Zn-containing crystals in the roots and hence metallothioneins (Zn-cysteine 
ligands: Zn-C3H7NO2S) and Zn-phytate are possibly both involved in the Zn crystallization in the 
roots.  
3.5. Conclusions 
The hyperaccumulator Noccaea caerulescens has a much higher Zn tolerance and Zn requirement 
for growth than the non-hyperaccumulator Thlaspi arvense. The exposure of these species to 
additional Zn for a short-term period led to a significant increase in biomass of both N. caerulescens 
and T. arvense, but prolonged Zn treatments decreased the biomass. Most of the Zn uptake by T. 
arvense was retained in the roots, while a large amount of the Zn taken-up by N. caerulescens was 
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translocated to the leaves. The optimal Zn concentration for N. caerulescens growth when grown in 
solution was found to be from 200 µM to 300 µM. The uptake of Zn affected the concentrations of 
other elements such as Ca, P and S. The Ca concentration in N. caerulescens was significantly 
reduced when Zn uptake increased, and Ca was found to co-localize with Zn in the plant tissues. 
Zn-rich crystals appeared in the roots of the non-hyperaccumulator T. arvense three weeks after the 
introduction of Zn to the solution. However, the crystal formation did not occur in the 
hyperaccumulator N. caerulescens until later (up to 16 weeks), and not until the plant had 
accumulated high Zn concentrations and begun to display Zn toxicity symptoms. The composition 
and element ratios in the Zn-rich crystals between the roots and shoots, especially P and S, requires 
further studies to answer the question about whether P and S are involved in the formation of Zn 
compounds to detoxify Zn. Overall, it was postulated that once a threshold of Zn concentration is 
exceeded, Zn crystals are formed and stored in the less sensitive tissues to diminish toxicity by 
isolation from those tissues critical for plant metabolism. The different compositions of the Zn-rich 
crystals in the roots compared to the shoots, especially in regards to the levels and roles of P and S, 
suggest different Zn detoxification mechanisms in the roots and shoots in N. caerulescens. This 
finding stimulates additional studies into the Zn detoxification capabilities of Noccaea caerulescens 
and its applications. 
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Highlights 
Cu and Pb inhibited plant growth, Zn accumulation and phytoextraction in N. caerulescens. 
Zn phytoextraction in N. caerulescens was sensitive to Cu but tolerant to Pb.  
Higher Zn uptake reduced concentration of Ca, Mg, S and Fe in shoots. 
Zn mainly accumulated inside leaf epidermal cells, preferably in vacuole to cell wall. 
Crystals in freeze-drying leaf samples contained a large amount of Zn but no Cu and Pb. 
Abstract 
The presence of Cu and Pb in solution affected Zn phytoextraction in Noccaea caerulescens, a 
known hyperaccumulator of Zn. The addition of Cu and Pb inhibited plant growth and Zn 
accumulation when present in combination, with the plants being more sensitive to Cu than Pb. The 
highest concentration of Zn was found in the shoots of the (Zn-only) control (1.2 % dry mass), 
while Zn concentration in the roots remained stable at 1.1 % dry mass independently of treatment. 
N. caerulescens was tolerant to Pb, with a large amount of Pb being accumulated and retained in the 
roots. The analysis of plant part Cu concentrations, however, showed transfer from roots to shoots 
without restriction. Although showing signs of toxicity the Cu concentrations in both shoots and 
roots in the treatments with added Cu were several hundred times higher than the typical Cu toxicity 
limits of crop species. The distribution of other essential elements such as Ca, Mg, P, S, Fe and K 
were affected by the treatment regime with decreased concentrations in shoots but increased 
concentrations in the roots for the same treatment after prolonged exposure to Cu and Pb. A higher 
uptake of Zn also reduced the shoot concentration of Ca, Mg, S and Fe. Sub-cellular elemental 
localization analysis using scanning electron microscopy with energy dispersive X-ray spectroscopy 
(SEM-EDS) revealed that Zn accumulated primarily in the vacuoles of leaf epidermal cells. Zn-rich 
crystals were observed in the SEM freeze-dried leaf samples of the control and the Zn + Pb 
treatment after long-term exposure, but not in samples of the Cu treatments. No crystals were found 
in leaf samples using cryo-SEM. Cu and Pb were not detected in the Zn-rich crystals of the freeze-
dried samples or in the cryo-SEM samples. It is likely that the formation of Zn-rich crystals was the 
result of a large accumulation of Zn within the cells at the late growth period of the plant (and the 
freeze drying sample preparation process). Species tolerance to Pb but sensitivity to Cu is an 
important finding when considering the use of N. caerulescens and its Zn phytoextraction properties 
as a part of a management approach to environments contaminated by multiple heavy metals. 
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4.1. Introduction 
Phytoextraction is a technique that uses metal-accumulating plants to remove heavy metals from 
soils. Over 400 plant species have been identified as metal hyperaccumulators, but only 18 of them 
are reported to be zinc (Zn) hyperaccumulators (Baker et al., 2000). Of the known Zn 
hyperaccumulating plants, Noccaea caerulescens (formerly known as Thlaspi caerulescens) has 
been found to be able to accumulate 40000 mg kg-1 (4 %) Zn in shoot dry mass without any toxic 
symptoms (Chaney, 1993; Shen et al., 1997; Ebbs et al., 2002), while the typical concentration of 
Zn for most shoot of plants is 30 - 100 mg kg-1 (Marschner, 1988; Marschner, 1995). The broad aim 
of this study was to improve the efficiency of Zn phytoextraction by Noccaea caerulescens (N. 
caerulescens) by investigating factors that have effect on optimizing and enhancing the capacity for 
Zn accumulation. In a previous study on N. caerulescens, (Dinh et al., 2015) focused on assessing 
the capacity of Zn uptake and tolerance by N. caerulescens and to benchmark the results relative to 
the non-hyperaccumulator T. arvense. That study also elucidated the Zn detoxification mechanisms 
of N. caerulescens through characterization of Zn distribution in the plant tissues. In the current 
study, experiments were designed to further elucidate the underlying mechanisms of metal 
competition and Zn detoxification.  
For plants, Zn is an essential micronutrient but at high concentrations can be toxic (Ebbs & 
Kochian, 1997; Küpper et al., 2000; Kopittke et al., 2011). In metal-contaminated areas and in 
waters polluted from various contaminant sources, Zn is frequently one of many bioavailable metals 
in the same environment and environmental pathway (Pierzynski & Schwab, 1993; Baker et al., 
1994a; Alloway, 1995; Mishra & Tripathi, 2009). The presence of Zn in polluted environments in 
combination with other heavy metals readily extracted by plants, such as copper (Cu), lead (Pb) and 
cadmium (Cd), (Reeves & Brooks, 1983; Czuchajowska, 1987), presents a particular challenge for 
Zn phytoextraction because some non-essential toxic metals influence plant growth and likely 
compete with the uptake of essential micronutrients (Siedlecka, 1995; Saison et al., 2004; O & 
Ernst, 2006). For example, Henk et al. (1999) reported that nickel (Ni) uptake was suppressed by 
about 90% when Zn, Cd and cobalt (Co) were present in high external concentrations. High Zn 
concentrations did not, however, suppress the uptake of either Ni, Cd or Co (Henk et al., 1999). 
Vollenweider et al. (2011a) showed that in the hyperaccumulator Populus tremula, there was a 
systematic increase in P with excess Zn. In contrast, studies by Li et al. (2009) and Pierzynski 
(1993) found that P reduced Zn concentration in some plant crop species (Pierzynski, 1993; Li et 
al., 2009). The application of limestone was found to decrease Zn concentration in the root tissue of 
soybean, but had an insignificant effect on the concentration of Cd and Pb (Pierzynski, 1993).  
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In N. caerulescens, Zn and/or Cd uptake was significantly reduced when other metal ions such as 
Pb or Cu were added to the culture solution (Lombi et al., 2001; Keller & Hammer, 2004; Walker 
& Bernal, 2004). Other studies reveal that an increasing Zn concentration may reduce the uptake of 
other elements such as Mn (Lombi et al., 2001; Foroughi et al., 2014) and P (Zhao et al., 1998). Zn 
uptake by N. caerulescens was reduced by 15 % by adding 50 µM Cd to the culture solution, but the 
addition of 50 µM Zn inhibited Cd uptake by 30 % (Cosio et al., 2004). Kupper et al. (1999) found 
that the concentrations of Ca, P and Cl in the epidermal sap decreased with increasing Zn 
concentration (Kupper et al., 1999), while Frey et al. (2000) concluded that no uptake correlation 
existed between Zn, P, S or Cl in N. caerulescens. Papoyan et al. (2007) stated that a high Zn 
accumulation in the shoots of N. caerulescens caused an elevated Cd concentration and stimulated 
Ni and Cu accumulation in the shoots, but did not affect Mn accumulation. Recently, Monsant et al. 
(2010) observed that Ca and Zn co-increase and co-localize in the leaf tissue of N. caerulescens. 
The preliminary results for N. caerulescens (Dinh et al., 2015) showed that Ca and Zn co-localize in 
the leaf tissues, but uptake of Ca was reduced up to 50% by increasing concentrations of Zn. 
Studies by other workers indicate that for N. caerulescens, there is no relationship between the 
uptake of Zn for either the total Zn concentrations (Knight et al., 1997), or the availability of Zn in 
the soil (Brown et al., 1995). Walker (2004) found that Cu strongly inhibited the growth of N. 
caerulescens, but that Pb did not significantly affect the plant growth (Walker & Bernal, 2004). The 
similarity of chemical properties of Zn and Cd was suggested to be a reason for the similar 
compartmentalization observed in leaves of A. halleri (Küpper et al., 2000). Non-essential metal ion 
Cd2+ was found to be taken up by the transport pathway of the essential cation Ca2+ into the cytosol 
of cells (Clemens et al., 1998).  
The efficiency of distribution of excess metals within plant tissues (Boominathan & Doran, 2003) 
and formation of metal deposition in cells (Lidon & Henriques, 1994) have been suggested as 
mechanisms to facilitate heavy metal tolerance and detoxification in hyperaccumulator species. In 
N. caerulescens, Zn, Cd, Co, Mn and Ni were reported to readily transport to the shoots, while a 
high proportion of Cu, Fe, Cr, Al and Pb remained in the roots (Vazquez et al., 1994). In the leaves 
of N. caerulescens, Zn mainly locates in the epidermal cells, with smaller amounts found in the 
mesophyll cells and the leaf veins (Vazquez et al., 1994; Kupper et al., 1999; Frey et al., 2000). The 
Zn hyperaccumulator Populus tremula was reported to accumulate Zn preferentially in older foliage 
where excess Cu and Pb were not translocated, and the excess Zn tended to saturate the veins rather 
than accumulate inside leaf tissues (Vollenweider et al., 2011b) as is the case in N. caerulescens. 
Reeves (1983) used the term “plant metal detoxification mechanism” to describe the precipitation of 
metal elements such as sulphate in the root system of higher plants when metal elements were at 
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high concentration (Reeves & Brooks, 1983). Zn-rich globular precipitates were observed in 
vacuoles of epidermal and sub-epidermal leaf cells in N. caerulescens at a foliar Zn concentration of 
13,600 mg kg-1 (Vazquez et al., 1994), and spherical precipitates of Zn were also found by 
Vollenweider et al. (2011) in vacuoles of leaf veins in P. tremula (Vollenweider et al., 2011b). 
Crystals found in the roots of both N. caerulescens and P. tremula had a high Zn/P ratio (Vazquez 
et al., 1994; Vollenweider et al., 2011a) and were identified as ligands of Zn-phytic acid 
(Vollenweider et al., 2011a). Kopittke et al. (2011) reported that 60-85 % of the total Zn uptake by 
cowpeas was stored as Zn phytate within three hours of root exposure. 
Due to these contradictory findings on the capacity of uptake and competition among heavy metals, 
this study aimed to specifically study the effects of Pb and Cu on the accumulation and distribution 
of Zn to gain insight into the accumulation mechanisms of these three metals using scanning 
electron microscopy and microanalysis. We investigated (1) the effects of Cu and Pb supplied in 
combination with Zn on plant growth and uptake of Zn and other nutrients in the N. caerulescens 
nutrient solution; and (2) the specific distribution of Zn, Cu, Pb at the cellular level in N. 
caerulescens leaves.  
4.2. Materials and methods 
4.2.1. Plant growth  
Seeds of N. caerulescens were brought to room temperature (23oC) from cold storage 24 h prior to 
use, rinsed with 0.5% NaClO for 5 min for surface sterilization and then rinsed again in tap water 
(Monsant et al., 2010). The seeds were then germinated on wet filter papers in the dark in a 
temperature-controlled glasshouse (22±3 °C) for 7 days (Dinh et al., 2015). One week-old uniform 
seedlings were transplanted into foam strips to keep the plants in direct contact with a basal nutrient 
solution made up of the following (in μM) (Monsant et al., 2010): 20 KH2PO4; 600 K2SO4; 200 
MgSO4; 100 CaCl2; 10 FeEDDHA; 10 FeNaEDTA; 5 H3BO3; 1 MnSO4; 0.2 CuSO4; 0.03 
Na2MoO4; and 600 Ca(NO3)2 as a nitrogen source.  
Seedlings of N. caerulescens were selected for uniformity then grown in groups of four plants per 
closed-cell foam strip. Those strips were inserted into rigid plastic discs placed on top of 5L black 
polyethylene pots in a glasshouse under natural light. Each pot contained nutrient solution aerated 
continuously from pin-hole air outlets. A factorial experiment consisted of four treatments: Control 
(500 μM Zn); 500 μM Zn + 32 μM Cu; 500 μM Zn + 12 μM Pb; 500 μM Zn + 32 μM Cu + 12 μM 
Pb, and with three replicates. Zn, Cu and Pb (as ZnSO4, CuSO4, and Pb(NO3)2 solution) was 
applied to the hydroponics 12 weeks after the seedlings were transferred to the pots. During this 
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pre-treatment period of growth, some plants started to show obvious symptoms of Zn deficiency. 
Nutrient solutions were topped up daily and replaced every 5 days.  
4.2.2. Plant harvest and analysis 
Plants were harvested 5, 7 and 12 weeks after the introduction of heavy metals, washed in de-
ionized water, and the shoots and roots separated at the root-shoot junction. Fresh weights were 
recorded and the samples were then oven-dried in paper bags at 80°C for 24 h. Sample dry masses 
were recorded immediately prior to grinding in a mortar. The ground shoot and root samples were 
placed into 50 mL digestion tubes and digested in 6 mL concentrated HNO3 (70% v/v) mixed with 
2 mL hydrogen peroxide H2O2 (v/v) using a microwave open vessel method in a microwave 
digester (START D Microwave Digestion System, Milestone S.r.I., Italy) for a total process time of 
1 h 25 min (Dinh et al., 2015). The digested solutions were cooled to room temperature and then 
diluted with triple-deionized water. The concentrations of Zn, Cu, Pb and other elements were 
determined by inductively coupled plasma - optical emission spectroscopy (ICP-OES, Optima 7300 
DV, Perkin Elmer). As reference materials for N. caerulescens, apple leaves (NIST 1515) were 
included in the digestion process for quantitative verification of the results. 
4.2.3.  Sample preparation for SEM microanalysis 
The composition and distribution of elements in the leaf cells were determined from experimental 
plants exposed to heavy metal treatment for 12 weeks. Samples were prepared by either freeze 
drying or cryo-fixation and were examined using a variable pressure scanning electron microscope 
(VP-SEM), and a low temperature scanning electron microscope (cryo-SEM), respectively. To 
prepare and freeze-dry samples for VP-SEM, the method outlined in (Dinh et al., 2015) was used. 
Mature leaves were cut by razor blade into rectangular sections of approximately 0.5cm wide x 1cm 
long, rapidly plunge-frozen in liquid nitrogen (c. -196°C), and then placed in pre-cooled Eppendorf 
tubes and held under vacuum for 48 hours at -30°C to dry. Once freeze-dried, the samples were cut 
by razor blade into smaller pieces, mounted on a SEM stub using a sticky carbon tab and examined 
uncoated using a JEOL JSM 6460LA SEM in low vacuum mode. SEM images were collected using 
a back-scattered electron detector (in compositional mode) at accelerating voltages of 17-20 kV. 
For cryo-SEM imaging and microanalysis, small sections of plant tissue were excised by razor 
blade at room temperature (RT), clamped into a ALT118 brass Gatan sample holder, then plunge 
frozen in melting nitrogen slush (c. -210°C). For leaf samples, a section of the middle of the leaf 
(including midrib) was cut into rectangular sections of approximately 0.6 cm wide x 0.4 cm long. 
Frozen samples were maintained under liquid nitrogen and then transferred under vacuum to the 
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cold (c. -145°C) pre-chamber stage of the Gatan Alto 2500 cryo-preparation and coating station. 
Inside the cryo-preparation chamber, samples were fractured with a pre-cooled Gatan rotary knife to 
provide a clean fracture uncontaminated by atmospheric water and close to the surface level of the 
sample holder. Fractured samples were sputter coated immediately with Pt for 120 s at 10 mA (c. 5-
10 nm thickness) in the cryo-preparation chamber, then transferred inside the chamber of a JEOL 
JSM 7100F SEM under vacuum and onto a Gatan Alto 2500 cryo-stage for imaging and 
microanalysis at a stable temperature (c. -145°C). Anti-contaminator devices in the cryo-preparation 
station and in the SEM chamber were maintained at c. <-185°C. EDS was conducted on frozen 
samples at 20 kV using a JEOL silicon drift detector (Model EX-94300S4L1Q), energy dispersive 
spectrometer (EDS), with 129 eV resolution; silicon drift diode, 10 mm2 effective area, ultra-thin 
window (UTW) and JEOL Analysis Station JED2300 Series (v. 3.84) software. 
4.2.4. Statistical analysis 
One-way and two-way analyses of variance (ANOVA) of dry mass and metal concentrations were 
performed using GenStat Sixteenth Edition (VSN International Ltd). Sample means and standard 
errors were calculated using Microsoft Excel 2010. Results were considered significant at the 0.05 
probability level (p < 5%). 
4.3. Results  
4.3.1. Effects of Zn, Cu and Pb on plant growth 
The growth of N. caerulescens varied with the treatment regime and time. The addition of Cu and 
Pb individually or in combination significantly reduced the shoot and root dry weights (Figure 4-1). 
Plants maintained healthy growth for 7 weeks with no symptoms of toxicity in the control (500 µM 
Zn) and the Zn + Pb treatment (500 µM Zn + 12 µM Pb). In contrast, plants showed clear toxicity 
symptoms, i.e. stunted growth and yellow lower leaves, just 3 days after the addition of heavy 
metals to the growing culture for all treatments involving Cu (32 µM) (data not shown). For all 
treatments, the dry weight of the shoots was much larger than that of the roots (Figure 4-1). The 
shoot and root dry weight increased significantly between weeks 5 and 7, with the exception of the 
Zn + Pb + Cu treatment (Figure 4-1). The control plants produced the largest biomass of all the 
treatments at week 5 (shoots, c. 1500 mg; roots, 150 mg) and at week 7 (shoots 3000 mg, roots 250 
mg). The Zn + Pb treatment produced about half the biomass of the control (dry weight of shoots 
from 1000 to 1500 mg for 5 and 7 weeks, respectively; roots 40 to 80 mg for 5 and 7 weeks, 
respectively), while the other two treatments (Zn + Cu and Zn + Pb + Cu)  produced c. four-six 
times less biomass than the control. 
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Figure 4-1. Dry weight of shoot (a) and root (b) of N. caerulescens harvested after 5 weeks and 7 
weeks heavy metal treatments. Hereafter, bars represent standard errors (SE) (p < 0.05) of the 
means of the treatments if not otherwise stated (n = 5).  
4.3.2. Zinc, Cu and Pb accumulation  
The accumulation of Zn, Cu and Pb in N. caerulescens varied with the heavy metal treatments and 
generally increased in both shoots and roots with prolonged metal exposure time (Figure 4-2). A 
large amount of the Zn uptake was translocated to the shoots, while Cu and Pb were mostly retained 
in the roots.  
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Figure 4-2. Accumulation of Zn (A), Cu (B) and Pb (C) (mg kg-1 dry mass) in shoots and roots of 
N. caerulescens taken at 5 weeks and 7 weeks after the heavy metal treatments. Concentrations 
assigned with different letters (a, b, c for concentrations in shoot; A, B, C for concentrations in root) 
show significant differences between the means (p < 0.05) (n = 3). 
Zn concentrations in the shoots showed greater differences between the treatments than in the roots 
(Figure 4-2A). The highest shoot Zn concentration was recorded in the control (c. 1.2 % shoot dry 
mass at week 5 and week 7). These levels were twice the Zn concentrations found in the shoots 
after treatments that included Cu (Zn + Cu and Zn + Pb + Cu). The concentration of Zn after the Zn 
+ Pb treatment was high and close to the Zn concentration in the shoots of the control at week 7. 
There was an insignificant difference in Zn accumulation in the shoots between 5 and 7 weeks at 
the same treatment, except at the Zn + Pb treatment. In contrast, Zn concentrations in the roots 
varied little with either treatments or time (c. 1 – 1.2 % dry mass), with the obvious exception of the 
Zn + Cu treatment in which the level of Zn doubled between 5 and 7 weeks (Figure 4-2A), from c. 
0.5 % root dry mass at week 5 to 1.1 % at week 7. The addition of Cu and Pb individually or in 
combination reduced the extent of Zn accumulation in the shoots by affecting plant growth, with Cu 
having a stronger effect than Pb. The minor decrease of Zn concentration in the shoots of the 
control at week 7 compared to week 5 probably resulted from the doubling of shoot biomass at 
week 7 diluting the Zn concentration. 
The concentration of Cu in the roots was much higher than that in the shoots. The Cu value in roots 
and shoots were not significant difference between 5 weeks and 7 weeks for all treatments, except 
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in the roots of the Zn + Cu and the Zn + Pb + Cu treatments. Concentrations of Cu in the Cu-treated 
plants were much higher than the Cu toxicity limits of 20 mg kg-1 (Fernandes & Henriques, 1991). 
For the treatments with no Cu addition, the amount of Cu was around 150-170 mg kg-1 in the root 
and 2-4 mg kg-1 in the shoot after 7 weeks. However, the Cu concentration was recorded as 0.58 % 
of the dry root mass for the Zn + Pb + Cu treatment at week 5, although the value was reduced 
significantly to 0.43 % at week 7. The slight reduction in Cu concentration in the shoots of the 
control and the Zn + Pb treatment at week 5 compared to week 7 probably resulted from the larger 
biomass at week 7. The shortfall of Cu in the roots and significant increase of Cu in the shoots of 
the Cu-treated plants may be evidence of efficient transport of Cu from root to shoot. 
An increase in Pb concentration in the shoots was found for all treatments except the Zn + Pb 
treatment from week 5 to week 7, while this trend only appeared in the roots of the control and the 
Zn + Cu treatment. Almost all Pb accumulation was retained in the roots and only a small amount 
was translocated to the shoots. In the shoots, the highest Pb concentration was recorded after the Zn 
+ Pb treatment (c. 4 mg kg-1) at week 5, but this value significantly reduced by week 7. Pb 
concentration in the roots was high after both treatments involving Pb (c. 400 - 550 mg kg-1 dry 
mass) at week 5, but this value decreased significantly by week 7. Pb in the roots of the control was 
high (c. 400 mg kg-1 at week 7), probably resulting from heathy growth with large plant biomass, 
proliferation of the metallophilic root system associated with possibility of Pb cross-contaminated 
from external sources leading to higher Pb uptake.  
4.3.3. Effect of heavy metal treatments on concentrations of other nutrients  
The concentrations of other essential elements were also influenced by the different treatments, with 
the exception of the root Ca concentration. Treatments involving Cu (Zn + Cu, Zn + Pb + Cu) 
induced a marked reduction of Mg, P, S and K in the roots, and higher concentrations of Ca, Mg, S 
and Fe in the shoots, compared to the control and Zn + Pb treatment where higher Zn accumulation 
was found (Figure 4-3). Generally, Ca, Mg, P, S and K concentrations in the shoots of the control 
and after the Zn + Pb treatment were significantly lower at week 5 than week 7.  
Accumulation and distribution of Ca or Mg were similar in both shoots and roots in all treatments. 
Generally, the concentration of Ca was higher than Mg in the shoots, but lower in the roots for the 
same treatment. In the roots, Ca tended to be independent of the metal treatments and was c. 0.15 % 
of dry mass for all treatments except the Zn + Cu treatment at week 5, while Mg concentrations 
were higher for the control and Zn + Pb treatment (c. 0.27 % root dry mass) than those involving 
Cu. In the shoots, Ca and Mg concentrations for the control and Zn + Pb treatment were low, being 
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half of the Ca and Mg concentrations in the Zn + Cu and Zn + Pb + Cu treatments (0.3 – 0.4 % and 
0.3 % dry of mass, respectively).  
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Figure 4-3. Concentration of other elements: Ca (A), Mg (B), P (C), S (D), Fe (E) and K (F) (mg 
kg-1 dry mass) in shoots and roots of N. caerulescens taken at 5 weeks and 7 weeks after heavy 
metal treatments. The symbols used are explained in the caption to Figure 4-2. 
Similar to Ca and Mg, P and S had the same pattern of accumulation and distribution in almost all 
treatments. Concentrations of P and S in the roots were higher than in the shoots, and the P 
concentration was lower than the S concentration for the same treatment. In the shoots, the 
difference in P concentration between the treatments was insignificant (c. 0.1 – 0.12 % dry mass), 
although P was significantly higher for Zn + Pb at week 5, and slightly lower in the Zn + Pb + Cu 
treatment. Concentrations of S in the control and after Zn + Pb treatment was c. 0.3 % of shoot dry 
mass, about half of the S concentration after the Zn + Cu and Zn + Pb + Cu treatments. In the roots, 
P in the control and the Zn +Pb treatment plants (0.5 – 0.6 % dry mass) was double that after the Zn 
+ Cu and Zn + Pb + Cu treatments. There was an increase in P concentration in the roots from week 
5 to week 7 in all treatments, except P in the Zn + Pb + Cu at week 7. S concentration in roots of the 
control and Zn + Pb treatment plants was stable at 0.9 to 1 % dry mass and was 30 % to 50% higher 
than S in the treatment involving Cu. Interestingly, higher concentrations of P and S were found in 
the roots treated with high concentrations of Zn (the control, and Zn + Pb). Detoxification 
mechanism for Zn by forming precipitates of Zn-phosphates or/and ligands of Zn-cysteine ligands 
(metallothioneins) in the plant roots could explain this high level of P and S (Vazquez et al., 1994; 
Zhao et al., 1998; Dinh et al., 2015). 
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In contrast to other elements, Fe concentration was very low in the shoots (below 100 mg kg-1), but 
very high in the roots (up to 2 %). In shoots, Fe was low in the control and Zn + Pb treatment (30 – 
40 mg kg-1), at levels about half those after the Zn + Cu and Zn + Pb + Cu treatments. In roots, Fe 
increased significantly after prolonging the period of heavy metal exposure from 5 to 7 weeks, 
except for the Zn + Pb + Cu treatment. Fe accounted for c. 0.7 % dry mass after 5 week of three of 
the four treatments, and reached its highest concentration after Zn + Pb + Cu treatment (c. 2 % dry 
mass). Fe concentration was stable (c. 1.1 - 1.2 % dry mass) at week 7 for almost all treatments, but 
decreased to 1.5 % dry mass after Zn + Cu treatment. Almost all Fe remained in the roots with only 
a small amount found in the shoots. 
K had the highest plant tissue concentrations across all treatments. In the shoots, K accounted for 
1.5 % to 2.5 % dry mass, exceeding Zn concentrations. The higher shoot K concentrations (2.5 % 
dry mass) were found in treatments that included Cu (Zn + Cu, Zn + Cu + Pb) as compared to the 
control and Zn + Pb treatments. This trend was reversed in the roots. High K levels were found in 
the roots of the control and Zn + Pb treatments (c. 2.7 % to 3 % dry mass) and were lower after 
treatments involving Cu. The concentration of K was 0.3 % root dry mass in the Zn + Cu treatment 
at week 5.  
4.3.4. Zn and metal distribution in the leaves after long-term metal exposure  
SEM images from freeze-dried leaf samples after 12 weeks of heavy metal addition (Figure 4-4) 
showed crystals present and distributed discretely in the epidermis of leaf cross sections from the 
control treatment (Figure 4-4A) and the Zn + Pb treatment (Figure 4-4C), but were completely 
absent in the leaves of the Zn + Cu and Zn + Pb + Cu treatments (Figure 4-4B, D). Thus, crystals 
were observed only in the leaves of the treatments that accumulated high Zn (c. 1.2 % shoot dry 
weight at 7 weeks (Figure 4-2)).  
The X-ray microanalysis (EDS) showed that the crystals contained a large amount of Zn. Zn-rich 
crystals were contained within intact epidermal cells and were more abundant in the lower 
epidermis (Figure 4-4A, C). At the cellular level, the crystals formed in the shape of the cells, 
commonly in a globular to bean-like shape with a large variable size (max size < 20 µm). Some Zn-
rich crystals were compacted across several epidermal cells in a tubular shape (Figure 4-4A, C), and 
tended to appear preferentially in the upper epidermis. The elemental composition of the Zn-rich 
crystals in the leaf tissue of the control (Figure 4-4A) was different to that of the Zn + Pb treatment 
(Figure 4-4C). There was a high concentration of Zn observed from the crystals but Cu was not 
detected, and the presence of Pb was uncertain because the signal for Pb (Pb Mα) at the peak of 
59 
2.34 keV overlapped with the S Kα peak. The Pb L line at 10.55 keV was not used because it has 
weak emission at the accelerating voltages required for the delicate samples.  
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Figure 4-4. Distribution of Zn-rich crystals at tissue and elemental composition in epidermal cells 
of the freeze-dried leaf samples collected from the plant 12 weeks after heavy metal treatments: (A) 
the control, (B) Zn + Cu, (C) Zn + Pb, and (D) Zn + Pb + Cu (bar = 100 µm). Presented EDS 
spectra (A-D) were obtained from the marked epidermal cells marked (+) correspond respectively 
to the SEM images (A-D) of the leaves from the treatments. Hereafter, element symbols identify the 
Kα peaks, except Zn and Pb (i.e. Zn Lα at 1.02 keV which are presented because of their overlap 
with Na Kα on spectra of (A, B), and Pb Mα at 2.34 keV is presented because of its overlap with S 
Kα). 
Figure 4-4A and -4C show that common anionic elements in the Zn-rich crystals were carbon, 
oxygen and sulfur, but no phosphorus was detected. Other cationic elements detected were K, Ca 
and Mg, and Si occasionally appeared. However, X-ray microanalysis on the samples of the Zn + Cu 
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and Zn + Pb + Cu treatments which contain low Zn concentrations (Figure 4-4B, D) did not detect 
Zn, Cu or Pb. Although Cu accounted for 0.12 % shoot dry mass of plants in the Zn + Pb + Cu 
treatment, no peak of Cu was found in spectra from the leaf tissue, including both epidermal and 
mesophyll cells. The elemental composition of epidermal cells from the Zn + Cu and the Zn + Pb + 
Cu treatments were similar, except for Al and Cl, with a clear signal on the spectra of Fig. 4D, but 
barely visible in the spectra of Figure 4-4B. A stronger signal for Mg and S was detected from the 
epidermis of leaves after Zn + Pb + Cu treatment (Figure 4-4D) compared to those subject to Zn + 
Cu treatment (Figure 4-4B). 
Zn crystals present in the cryo-leaf samples were also examined by SEM. Cryo-SEM can preserve 
hydrated samples closer to their original condition than is routinely possible with traditional high 
vacuum SEM (Hodson, 1995). The plant leaves from the control and Zn + Pb treatment were 
analysed. The result (Figure 4-5) shows no Zn crystals in the cryo-leaf cross sections. EDS analysis 
of the cryo leaf samples from the control and the Zn + Pb treatment revealed the majority of Zn 
located in the epidermal cells. There was no Zn observed in the mesophyll cells. In the epidermal 
cells, high Zn concentration was found in the cytoplasts, while low Zn concentrations were found in 
the cell walls for both the control and the Zn + Pb treatment. Data from the spectra in Figure 4-5 
showed large peaks of oxygen (O) and carbon (C) that revealed the presence of high levels of O and 
carboxylic-functional groups. Zn was not detected in mesophyll cells or the cell wall of the 
epidermis. In contrast, an obvious Zn peak was present in EDS spectra from the cytoplasm, 
including vacuoles of the epidermal cells of the control and the Zn + Pb treatment. The detection of 
low levels of elements such as Ca, K and Na, and the absence of Mg and S in the epidermal tissues 
of samples prepared for cryo-SEM, is almost certainly due to the presence of a large amount of 
water (c. 80-90 % tissue mass) retained by the freezing process. In contrast, freeze-dried samples 
contain very little water and these elements, when present, are easily detected. 
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Figure 4-5. Distribution of heavy metals and elemental composition within lower epidermal cells 
(LE) and the mesophyll cells (M) of the leaf samples analysed by cryo-SEM collected from the 
plant 12 weeks after heavy metal treatments: (A) control (500µм Zn), (B) Zn + Pb (500 µм Zn + 12 
µм Pb) (bar = 30 µm). EDS spectra obtained from the points marked with the number on the cells 
presented by the corresponding figure with the same number on the SEM image (A: 004, 006 and 
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008) and (B: 003, 011 and 012). Platinum (Pt) peaks are derived from the Pt sputter coating of 
samples in cryo-SEM. Epidermis: E, Lower epidermis: LE, Mesophyll: M, vacuole: v, cell wall: w. 
4.4. Discussion 
4.4.1. Plant growth  
The effects of Cu and Pb in our study had a synergistic effect on the growth of N. caerulescens 
according to the classification of plant responses to metals in the growing medium  (Symeonidis & 
Karataglis, 1992). The significant reduction in shoot dry mass in the treatments involving Cu, and 
the significant reduction after treatment with Zn + Pb, showed that Cu markedly inhibited plant 
growth and that the Pb levels imposed were also causing. The present results are consistent with 
earlier studies which showed that Cu was very toxic to N. caerulescens (Lombi et al., 2001; Walker 
& Bernal, 2004; Mijovilovich et al., 2009). However, Walker et al. 2004 (Walker & Bernal, 2004) 
concluded that Pb had an insignificant effect on the growth of N. caerulescens. Lombi et al. (2001) 
found that the Cu tolerance of N. caerulescens was not higher than normal crop species, and Zn and 
Cu were more phytotoxic than Pb because they are much more bioavailable.  
In previous findings by (Dinh et al., 2015), the addition of Zn to the growing culture increased 
shoot biomass by 30 % compared to the untreated control after 2 weeks, and continued to increase 
the shoot biomass until week 5 (Dinh et al., 2015). Sensitivity to different metals (such as Cu) is an 
emerging concern where the use of N. caerulescens for phytoextraction would be applied for 
remediation of contaminated soil and mine tailings, where many common heavy metals such as Zn, 
Cu, Pb and Fe are available (Ernst & Nelissen, 2000; Lombi et al., 2001; Walker & Bernal, 2004; 
Mijovilovich et al., 2009). Papoyan et al. (2007) stated that N. caerulescens grown in high-Zn 
concentrations were more Cd-tolerant and showed greater shoot accumulation of Zn than those 
grown in low Zn concentrations. The duration of heavy metal exposure was considered as the one 
of the important factors affecting toxicity of heavy metals to plants (Ernst & Nelissen, 2000). A 
reduction of shoot biomass in N. caerulescens was found with prolonged Zn exposure in our 
previous study (Dinh et al., 2015), and with Zn + Pb treatment in our present work. Surprisingly, 
Cu stress symptoms were observed to occur earlier and with greater severity in the plants subject to 
Zn + Cu treatment when compared to the Zn + Pb + Cu treatment, leading to the question of 
whether an adapted tolerance to one element can lead to a naturally greater tolerance of another in 
N. caerulescens, as was previously described (Reeves & Brooks, 1983).  
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4.4.2. Uptake of Zn in the presence of Cu and Pb  
Some plants can develop a protective mechanism against metal excess until biochemical resistance 
of plant cells exists (Kabata-Pendias, 2004). However, metal uptake by plants depends on the 
bioavailability of the metal in the water phase, which in turn depends on the retention time of the 
metal and the interaction with other elements and substances in the water. In previous findings, Zn 
concentrations in the N. caerulescens shoot dry mass (without showing any toxicity symptoms) 
varied from 2.5 – 3 % (Brown et al., 1995; Shen et al., 1997; Dinh et al., 2015). The results 
presented here are consistent with past findings (Dinh et al., 2015) where it was proposed that the 
higher Zn uptake at an younger plant age results in Zn influx and translocation from the roots to the 
shoots when the plant is in a state of Zn deficiency. Furthermore, the saturation level of Zn in the 
roots seems to be independent of the duration of metal exposure as Zn was in the range of 1-1.2 % 
root dry mass in both previous and current studies. It is possible to predict the best time frame of Zn 
expose relating to plant age, Zn saturation state and ion interaction for maximizing Zn uptake and 
accumuation by a mathematial model. 
There are some reasons that could explain the low Zn accumulation in shoots of N. caerulescens 
observed in the current study and which lead to the low root-to-shoot transfer factor of Zn (Zn 
shoot/root ratio = 1 to 1.2 in the control and ≤ 1 in other treatments). Zn dilution in the plant 
because metal uptake was not proportional to increasing biomass is one possible explanation (Lasat 
et al., 2000; Martínez et al., 2006); there was healthy growth with a rapid increase in shoot biomass 
in the control and Zn + Pb treatments (1500 to 3000 g), but unhealthy growth for treatments 
involving Cu. According to Martínez et al. (2006) and Vollenweider et al. (2011b) the age of the 
plant is also a significant factor affecting Zn concentrations. The plants in this study were 12 weeks 
old (84 days old) when treated with heavy metals while in some of the previous experiments 
reported the plants were younger. The  results presented herein are consistent with past findings 
(Dinh et al., 2015) where it was proposed that the higher Zn uptake at an younger plant age results 
in Zn influx and translocation from the roots to the shoots when the plant is in a state of Zn 
deficiency. Furthermore, the saturation level of Zn in the roots seems to be independent of the 
duration of metal exposure as Zn was in the range of 1-1.2 % root dry mass in both previous and 
current studies.  
Cu is an essential element for plant growth. It has been known as the cation most easily taken up 
when present in nutrient solutions (Siedlecka, 1995) and accumulates in plant roots rather than 
shoots (Hara et al., 1976). Uptake and accumulation of Cu in plants has been found to be 
independent of Zn level, but an excess of Cu has been shown to reduce Zn in plants (Reboredo, 
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1994). In the current study with N. caerulescens, which has been reported as a Cu-sensitive 
hyperaccumulator (Walker & Bernal, 2004; Mijovilovich et al., 2009), large amounts of Cu were 
taken up in the roots and translocated to the shoot in treatments involving Cu (Zn + Cu, and Zn + 
Cu + Pb). Cu concentrations in the plant after Cu treatments were several hundred times higher 
when compared to Cu accumulation after other treatments, both in the shoots and roots, and far 
higher than the recognised toxic limit of 20 mg kg-1 in plant tissues (Fernandes & Henriques, 1991). 
The marked increase in Cu in the shoots from weeks 5 to 7 associated with a significant reduction 
of Cu in the roots after Zn + Pb + Cu treatment demonstrates efficient translocation of Cu from 
roots to shoots, even in a state of Cu toxicity. 
Pb is not an essential metal for plant growth, but it is one of several heavy metals readily extracted 
by plants (Reeves & Brooks, 1983). The toxic concentration of Pb varies depending on the specific 
species and also whether other metals are present in combination with Pb. The addition of 10 µM 
Pb was found to be toxic to cucumbers (Fodor et al., 1996) and beans (Wozny et al.), and even 1 
μM Pb can be highly toxic to some species (Kopittke et al., 2007). The toxic effects of Pb result in a 
growth reduction in cowpeas (Kopittke et al., 2007). According to Bieby Voijant (2011) (Bieby 
Voijant, 2011), for some common heavy metal hyperaccumulators, Pb levels were recorded below 
120 mg kg-1 in the roots, and around 10 mg kg-1 in the shoots and leaves. However, Pb was 
recorded at c. 0.82 % of dry mass in the leaves of the Thlaspi species and that was considered the 
highest Pb content found in any flowering plant (Reeves & Brooks, 1983). In the current study, Pb 
content ranged from 200 to 350 mg kg-1 in the roots of the control, and from 400 to 500 mg kg-1 
after treatments involving Pb, although the amount of Pb in the shoots was very low. The 
significant Pb accumulation and tolerance to Pb of N. caerulescens in the current study after Zn + 
Pb treatment is an interesting characteristic that could assist N. caerulescens adapting to 
unfavorable habitats such as though derived from some mine wastes where Pb can be very 
abundant. However, the level of Pb at which interference with Zn uptake commences requires 
further study. Almost all Pb taken up by N. caerulescens remained in the roots and this symptom is 
commonly observed in non-hyperaccumulating plants (Vazquez et al., 1994). Precipitation of Pb as 
sulfate in root systems has been used as an explanation for the insignificant amount of Pb normally 
accumulated by higher plants (Reeves & Brooks, 1983). In the current experiment, there was no 
precipitation of Pb (Pb-phosphates) observed, unlike that reported from experiments on Pb uptake 
from growth solutions with a high P concentration (Kopittke et al., 2008). In N. caerulescens, 
concentrations of Pb and Zn were concluded to be much higher than those in ‘normal’ related plants 
growing in non-mineralized soils, and the concentration of these metals tended to reduce according 
to the age of the plant (Robinson et al., 1998). According to the hyperaccumulation threshold of 
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plants (van der Ent et al., 2012) and the capacity for Zn tolerance in our current work, N. 
caerulescens could be considered a Pb excluder. 
Competition between heavy metals in plants has been assumed to occur by a mechanism whereby 
the concentration of an element is enhanced or inhibited by the presence of other elements. Based 
on the response of plants to combinations of metals, the effect is considered antagonistic if the 
stress of multiple metals on plant growth is greater than that observed when metals are supplied 
separately, while the effects of synergistic interaction are smaller (Siedlecka, 1995). However, a 
preference for accumulation of a specific metal over other metals in metal hyperaccumulator 
species was found to be linked to metal-specific high-affinity systems which partly play a role in 
metal hyperaccumulation (Lasat et al., 1998). For ternary systems of Zn-Cu-Pb in the absence of 
plants, competition between these metals resulted in a sorption capacity reduction of 75.6 % for Zn, 
48.3 % for Cu and 15.2 % for Pb, compared to mono-metal systems (Cao et al., 2004). However, 
biological systems with the presence of plants, especially hyperaccumulating plants, would be far 
different to the pure-physical system with complex and multi-metal interactions. According to 
Walker and Bernal (2004), a 2 % dry weight Zn concentration in shoots of N. caerulescens declined 
by 93, 87 and 84%, when 5.0 mg L-1 Pb, 1.0 mg L-1 Cu or 2.0 mg L-1 Cu respectively were included 
in the nutrient solution. In the present study with the levels of Cu and Pb supplied, the uptake of Zn 
in the shoots of N. caerulescens was reduced by 60 % when Cu was added to Zn, 50 % when Cu 
plus Pb was added to Zn, and 10 to 30 % when just Pb was added to Zn in the nutrient solution. 
Combination of Pb and Zn supplied during treatment was reported to increase the uptake of Zn, but 
decrease the uptake of Pb (Symeonidis & Karataglis, 1992), while our current study found Pb 
combined with Zn in the nutrient solution insignificantly influenced the uptake of Zn, but increased 
the uptake of Pb. The presence of some specific buffers (e.g. Fe-EDTA) was found to reduce the 
effects of Pb toxicity on plant photosynthetic activity (Fodor et al., 1996) and Fe-EDTA was 
supplied in the basic nutrient solution for these current experiments. The form of nitrogen supply 
can also act to affect heavy metal accumulation in plants. Nitrogen and Cu have been shown to have 
a mutually antagonistic effect on the concentration of each other in some plants (Kumar et al., 
1990). Nitrogen in the form of Ca(NO3)2 that was applied in the growing medium of this study has 
been reported to enhance the Zn concentration in the shoots and the Zn phytoextraction 
effectiveness in N. caerulescens (Monsant et al., 2010), but induce a greater decrease in Cu in 
plants than other nitrogen sources (Kumar et al., 1990). Competition between heavy metals for 
plant uptake could be a result of several factors including a similarity in chemical properties, 
affinity to metal transporter proteins (Adedeji & Fanimokun, 1984) and a lack of high-affinity 
systems for specific metals (Saison et al., 2004), their bioavailability form (Fodor et al., 1996), and 
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plant growth stage (Robinson et al., 1998; Dinh et al., 2015). However, the mechanisms of heavy 
metal interactions in plants, specifically in N. caerulescens, are still very complex and none of the 
heavy metal interaction mechanisms have been fully elucidated to date.  
4.4.3. Distribution of Zn, Cu and Pb in plant leaves 
Distribution of metal within plant tissues was considered as an indirect indicator of a metal 
detoxification mechanism (Boominathan & Doran, 2003). This study showed that a large amount of 
Zn uptake was transported to the shoots, while almost all of the Pb and Cu were retained in the 
roots, a result consistent with previous findings (Vazquez et al., 1994; Robinson et al., 1998; 
Walker & Bernal, 2004). EDS microanalysis detected no visible presence of Cu in the spectrum 
from the Zn-rich crystals and cells of the freeze-dried leaf samples from any of the treatments, 
including the Cu treatments, nor from the cryo-leaf samples of the control and the Zn + Pb 
treatment, even though the amount of Cu in the Zn + Pb + Cu treatment plants was up to c. 0.12 % 
of shoot dry mass. The presence of a minor amount of Pb was detected in the Zn-rich crystals in the 
epidermis of the freeze-dried leaves and the vacuoles of the epidermal cells in the cryo-leaf 
samples, although this presence of Pb was somewhat uncertain because of the overlap of S (Pb Mα-
S Kα) as explained previously.  
With reference to deposit precipitation as a mechanism for heavy metal tolerance and detoxification 
in plants (Lidon & Henriques, 1994), the formation of calcium oxalate crystals in cells has been a 
suggestion that may account for metal tolerance in some hyperaccumulators (Mazen & El 
Maghraby, 1997). Other examples of which are the precipitation of Pb as Pb-sulphate (Reeves & 
Brooks, 1983) or Pb-phosphates (Kopittke et al., 2008). However, a number of calcium crystals 
containing no heavy metals have been observed in the leaf tissue of the Zn hyperaccumulator 
Populus tremula, and these crystals had different structures and composition compared to the Zn-
crystals (Vollenweider et al., 2011a). The presence of Zn-rich crystals with a variety of crystalline 
shapes in the freeze-dried leaf samples was consistent with previous research using SEM of freeze-
dried samples (Dinh et al., 2015). However, the presence of Zn crystals was not observed in the leaf 
samples by cryo-SEM in the present study. The Zn-crystals in the freeze-dried samples were not 
concluded to be entirely derived from artifacts produced by the freeze drying sample preparation 
because Zn-rich crystals did not observed in the freeze-dried leaves taken from the plant after 2, 5 
and 7 weeks of metal treatment. The crystals only appeared in the freeze-dried samples after long-
term Zn expose: 16 week (Dinh et al., 2015) and 12 weeks after Zn treatment in the current  study. 
No Zn crystals were present in the freeze-dried samples of leaves in any of the treatments in the 
present study after 7 weeks of Zn supply, even though Zn concentration in the control was up to 1.2 
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% of shoot dry mass. From this, it could be proposed that the formation of Zn crystals within the 
epidermal cells was not only from accumulation of high Zn concentration, but also other factors. Zn 
crystals found with a range of size and shapes after 12 weeks in the control and the Zn + Pb 
treatment raises the prospect of Zn saturation occurring in epidermal cells within the old and mature 
leaves. The assumption of Zn in a physiologically inactive form leading to a higher Zn requirement 
(Leece, 1978) could possibly explain the Zn deposition in the plant tissue.  
High concentrations of oxygen were found in the tissues of the mature leaves, both in the samples 
prepared by freeze drying and for cryo-SEM. This is consistent with the findings (Kupper et al., 
2004) who reported dominant oxygen ligands in the mature and senescent leaves of N. 
caerulescens. The SEM-EDS analysis on the cryo-leaf samples in the current study showed a high 
concentration of Zn in vacuoles rather than in the cell walls of both upper and lower epidermal cells 
as was previously reported (Vázquez et al., 1992). It was also found that the epidermal cells in the 
leaf tissue of N. caerulescens and in the lower epidermis in particular, were large (commonly in the 
order of 20 µm width x 50 µm length). This characteristic of these leaf cells possibly contributes to 
the extraordinary storage capacity of Zn in N. caerulescens. 
4.4.4. Effect of Zn, Cu and Pb on other nutrients 
Interactions between metals and other plant nutrients such as Ca, Mg, P, S, Fe and K in different 
parts of the plant and/or cells has been identified in earlier studies on hyperaccumulating plants, 
especially N. caerulescens and Arabidopsis halleri (Vazquez et al., 1994; Lasat et al., 1998; Küpper 
et al., 2000; Cosio et al., 2004; Kupper et al., 2004; Saison et al., 2004; White-Monsant & Tang, 
2013). The presence of heavy metals was theorized to inhibit the uptake of other plant nutrients by 
competition, influence on root membranes, ATP-ases and other carriers, root damage and decreased 
respiration (Siedlecka, 1995). Ca and Mg concentrations in the shoots of N. caerulescens were 
reduced  30- and 18-fold when Zn and Cd, respectively, were added to a soil (Saison et al., 2004). 
Properties of cations with the same charge and similar hydrated radii can be used to explain 
competition between heavy metal cations (Saison et al., 2004). However, another study indicated 
that Ca and Zn in the shoots of N. caerulescens co-increased (Monsant et al., 2008). Zn 
phytoextraction is enhanced in the soil with Ca(NO3)2 treatment compared to NH4+ or urea 
treatment (Monsant et al., 2008). In the current study, the pH of the nutrient solution was not 
adjusted by any buffers, although the average pH value at harvest was slightly higher than that at 
the outset.  
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In the current study, the effect of Zn, Cu and Pb, supplied separately or in combination on plant 
nutrients, was clearly observed in the shoots of N. caerulescens. Concentrations of Ca, Mg, S and 
Fe in the shoots of plants treated with only Zn (the control) or Zn + Pb, decreased by half compared 
to those concentrations in the Zn + Cu and Zn + Pb treatments, although the plants in the control 
and Zn + Pb treatment had much higher biomass compared to the Zn + Cu and Zn + Pb + Cu 
treatments. However, this trend was not observed in the roots. Observations of low Ca, Mg, S and 
Fe in the shoots of those plants with higher Zn accumulation indicated that the uptake of Zn may 
have reduced the accumulation of Ca, Mg, S and Fe in the shoots. These findings are consistent 
with previous studies on the interactions of Zn and Ca (Kupper et al., 1999) and Zn and Fe (Khan & 
Nazar Khan; Mirsa, 1991). Interestingly, the previous study (Dinh et al., 2015) found 
concentrations of Ca, Mg, P, S and K in the shoots at week 5 were two-fold higher than those in the 
current study, but any differences in the roots were insignificant. According to Siedlecka (1995), a 
decrease in concentrations of essential elements in plants under heavy metal stress was explained by 
ion leakage from the damaged roots and strong immobilization of elements in the roots leading to 
low translocation to shoots. However, this explanation (Siedlecka, 1995) seems unsuitable for 
current findings in N. caerulescens where it was found that concentrations of essential elements 
such as Ca, Mg, P, S and K generally increased in the roots, but decreased in the shoots for the same 
treatment when the duration of heavy metal exposure was prolonged from week 5 to week 7. Ca in 
the roots of the current study was not affected by treatment since Ca concentrations were not 
significantly different between treatments from week 5 to week 7.  
Substitution of Mg in the chlorophyll molecule by heavy metals was found to be an important 
mechanism for damage in plants stressed by heavy metals (Rebeiz & Castelfr.Pa, 1973; Küpper et 
al., 1996). Zn-chlorophylls were found to be difficult to orient in the macromolecular environment 
of biological membranes compared to Mg-chlorophylls and it was concluded that this was making 
plants incapable of photosynthesis (Rebeiz & Castelfr.Pa, 1973). Water-soluble Zn concentration in 
the leaves of cotton was found to be closely correlated with visible symptoms of Zn deficiency and 
levels of chlorophyll (Cakmak & Marschner, 1987). In the current study, the behavior of Mg was 
similar to Ca in all treatments in that the concentrations of Mg were higher in the treatments 
involving Cu compared to the control and Zn + Pb treatments. Increasing Mg content in the shoots 
subjected to the Zn + Cu and Zn + Pb + Cu treatments may be related to the metal-stressed 
mechanism of hyperaccumulator plants that has been considered as a plant defense mechanism 
against the replacement of Mg in chlorophyll by heavy metals (Küpper et al., 1996; Küpper et al., 
2000). In this case, the defence mechanism against Cu seems stronger than those for Zn or Pb. 
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Zn and P interaction was found to be antagonistic in previous studies. Studies on sweet corn and 
cotton reported that Zn deficiency enhanced uptake and translocation of P in leaves (Cakmak & 
Marschner, 1987; Ishak, 2013). According to Cakmak and Marschner (1987), high P concentrations 
in plant tissue reduced the physiological availability of Zn, and water-soluble Zn can be considered 
as an indicator for phosphorus-induced Zn deficiency in the tissue of cotton. In N. caerulescens, it 
was found that hyperaccumulation of Zn did not induce P deficiency (Zhao et al., 1998). However, 
the previous study (Dinh et al., 2015) found that Zn deficiency enhanced P accumulation in N. 
caerulescens since the concentration of P in N. caerulescens not treated with Zn was c. 25 % higher 
than in those plants exposed to Zn, but the level of P accumulation was not significantly different 
for varying concentrations of Zn treatments (Dinh et al., 2015). The P/Zn ratio in the leaves was 
considered to be an indicator for plant Zn nutritional status and the ratio varies in different plant 
species and culturing environments. In crops, the P/Zn ratio is normally much higher, from several 
hundred to a thousand times, because the concentration of P is much higher than Zn (Cakmak & 
Marschner, 1987). The present study found the Zn concentration was four to twelve times higher 
than the P concentration in the shoots, and two to three times in the roots, resulting in a low P/Zn 
ratio. 
Although S has been reported to be involved in heavy metal resistance in hyperaccumulating plants 
(e.g. phytochelatins), S ligands were not found to be involved in Zn resistance in N. caerulescens 
(Kupper et al., 2004). In this current experiment, the concentration of S was high in the roots in the 
treatments (control and Zn + Pb) that produced low S in shoots, and vice versa. An increase in S in 
the shoots of the plant from the treatment involving Cu could be explained by increasing sulfhydryl 
groups which bind to Cu ions that translocated efficiently to the shoots. Fe has been identified as 
one of the main targets of heavy metal influence on  plant nutrients (Siedlecka, 1995). High 
availability of Zn and Pb were found to reduce the concentration of Fe in plants (Khan & Nazar 
Khan; Mirsa, 1991; Reboredo, 1994). However, Siedlecka (1995) concluded that Zn does not 
reduce Fe uptake, but reduces Fe translocation to the shoots by immobilization in the roots 
(Siedlecka, 1995). Lombi et al. (2002) showed that Fe had an insignificant effect on Zn absorption 
in N. caerulescens. The current findings showed that treatment with Zn only, or Zn combined with 
Pb, reduced Fe concentration in both the shoots and roots of N. caerulescens, compared to the 
treatment of Zn combined with Cu, or Zn combined with Pb and Cu. High Fe concentration in both 
the shoots and roots of the treatments involving Cu in N. caerulescens is of interest because it was 
very different from the results reported for Cu-induced Fe deficiency in many other plants (Khan & 
Nazar Khan; Reboredo, 1994; Siedlecka, 1995). As a macronutrient element, potassium (K) uptake 
is generally found to be strongly disrupted by heavy metals, and to be reduced under heavy metal 
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stress by K leakage because of root damage (Siedlecka, 1995). In the current study, it was found 
that the K concentration changed markedly among different metal treatments, but was almost 
insignificantly different in the roots from week 5 to 7 for the same treatment. There was a strong 
antagonistic influence of Cu on K uptake in N. caerulescens in the roots exposed to treatments 
involving Cu, but not in the roots of the control or Zn + Pb treatment. The assumption of K leakage 
from plant roots does not seem an adequate explanation for the observed K concentrations in this 
current work. 
4.5. Conclusions 
Noccaea caerulescens displayed healthy growth when treated with only Zn and Zn + Pb, despite Zn 
comprising c. 1.2 % of shoot dry weight. At the level of supply used in this study, both Cu and Pb 
inhibited the growth of N. caerulescens, although the plant was much more sensitive to Cu than Pb. 
The uptake of Zn in the shoots of N. caerulescens was reduced by 60 % when Cu supplied in 
combination with Zn, by 50 % when Cu plus Pb supplied in combination with Zn, and by 10 to 30 
% when just only Pb supplied in combination with Zn in the nutrient solution. The plant was 
efficient in translocation of Zn from the roots to shoots in the control and Zn + Pb treatment, but not 
in treatments involving Cu. The concentrations of Zn in the shoots in the control and Zn + Pb 
treatment were two- to three-fold higher than in the Zn + Cu and Zn + Pb + Cu treatments, while the 
level of Zn in the roots in all treatments remained stable (c. 1.1 % dry weight) at week 7. N. 
caerulescens retained most Pb uptake in the roots, while a significant amount of Cu was transported 
to the shoots. Interestingly, translocation of Pb from the roots to shoots increased with prolonging 
the Pb exposure time from 5 to 7 weeks. The Zn + Pb + Cu combination was shown to be less toxic 
to the plant than the Zn + Cu combination. Zn, Cu and Pb supplied separately or in combination 
with plant nutrients had a strong effect on the concentration of nutrients in N. caerulescens. 
Concentrations of Ca, Mg, P, S and K generally increased in the roots, but decreased in the shoots 
with the same treatment when the duration of heavy metal exposure was prolonged from week 5 to 
week 7. Ca, Mg, S and Fe concentrations in the shoots in the control and Zn + Pb treatment were 
reduced by half compared to the Zn + Cu and Zn + Pb + Cu treatments, while this trend was 
reversed in the roots, except with Ca. Observations of low Ca, Mg, S and Fe concentrations in the 
shoots in the treatments resulting in high levels of Zn accumulation indicated that a higher uptake of 
Zn reduced the uptake of Ca, Mg, S and Fe in the shoots in N. caerulescens. Ca in the roots was not 
significantly affected by different treatment regime and this was observed again with P in the 
shoots. SEM revealed that Zn accumulated mainly inside the leaf epidermal cells, and preferentially 
in the vacuoles and walls of those cells. Zn-rich crystals did appear in the freeze-dried leaf samples 
under SEM analysis of the control and the Zn + Pb treatment after 12 weeks of heavy metal 
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exposure, but not after other treatments, and were not observed in leaf samples analyzed by cryo-
SEM. The formation of Zn-rich crystals was probably a result of the concentrating effect of the 
freeze drying process and the large amount of Zn accumulated in the cells. While acknowledging 
the capacity of Zn accumulation in the shoots of N. caerulescens is related to plant age and biomass, 
it is likely that that the presence of other heavy metals, and their interactions with nutrients when 
the uptake of Zn is increased, will elucidate further understanding of the mechanisms of Zn 
accumulation and detoxification effects of N. caerulescens. The tolerance of N. caerulescens to high 
levels of soluble Pb, but sensitivity to Cu,  are important characteristics to consider when exploring 
and applying opportunities for N. caerulescens in a context for Zn phytoextraction. 
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Highlights 
Noccaea caerulescens has a high capacity to accumulate Zn and is tolerant to Pb.  
Pb combined with Zn diminished the influence of Zn on plant growth. 
High ratio of Zn to P in leaves suggests the formation of insoluble Zn salts. 
Zn2+ was mainly located in the apoplastic space of the leaf epidermal cells.  
Highest Zn2+ concentration occurred in the leaf epidermis 0.282 M. 
Abstract 
Tolerances and accumulation of multiple heavy metals in some hyperaccumulator species enable 
the plants to grow in habitats contaminated multi metals. In this study, accumulation and tolerance 
to zinc (Zn) and lead (Pb) by the hyperaccumulator Noccaea caerulescens was investigated using a 
Zn and a Zn + Pb treatment and two plant ages. The Zn2+ distribution in living cells was examined 
using three selective fluorescent molecular probes (Zinpyr-1, Newport Green DCF and Phen Green 
SK). The results show that N. caerulescens has a high capacity for Zn accumulation and Pb 
tolerance. The younger plants were more tolerant to Zn and Pb than the older plants. The 
accumulation of Zn in shoots or roots was not significantly affected by metal treatment or plant age. 
Pb accumulated in the roots (0.16 – 0.23 % dry mass), confirming plant tolerance to Pb. Pb 
combined with Zn diminished the influence of Zn on plant growth. The concentration of 
phosphorus (P) in older plant shoots decreased c. 25% in the plants treated with Zn, but enhanced c. 
26 % in the plants treated with Zn + Pb. The high ratio of Zn to P in both fresh and dry leaves 
suggests the formation of insoluble Zn salts. The fluorescent probes showed that Zn2+ was mainly 
located in the apoplastic space of the leaf epidermal cells. Quantification of Zn2+ in living cells 
found the highest Zn2+ concentration was in the epidermis, with 0.282 M in the leaf epidermis (2.5-
fold more than the total Zn in fresh leaves) and varied from 0.0561 to 0.282 M in the root 
epidermis. Selective fluorescent probes in combination with confocal microscopy proved a useful 
tool for elucidating cellular and tissue-level distribution of Zn2+ in living plant cells at high 
resolution. Pb tolerance in N. caerulescens can be a practical advantage for Zn phytoremediation at 
sites contaminated with both Zn and Pb.  
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5.1. Introduction 
More than 400 plant species have been identified as metal hyperaccumulators, including several that 
are capable of simultaneously accumulating several trace elements (Baker et al., 2000; Brooks, 
2008). Noccaea caerulescens (formerly Thlaspi caerulescens) is a well-known zinc (Zn) and 
cadmium (Cd) hyperaccumulating plant (Vázquez et al., 1992; Pence et al., 2000; Cosio et al., 
2004; Kupper & Kochian, 2010), which can accumulate up to 40000 mg kg-1 of Zn and 18000 mg 
kg-1 of Cd in its shoots without exhibiting symptoms of toxicity (Chaney, 1993; Shen et al., 1997; 
Ebbs et al., 2002). Noccaea caerulescens can also tolerate soil with high concentrations of nickel 
(Ni) (Mari et al., 2006) and Pb (Baker et al., 1994b).  
Hyperaccumulation of Zn and tolerance to Pb enables N. caerulescens to persist in metalliferous 
environments with abundant Zn and Pb. Robinson et al. (1997) studied the potential of N. 
caerulescens for phytoextraction of Pb/Zn base-metal mine waste and found that Pb and Zn 
significantly correlated for both total and extractable concentrations, but no tolerance to Pb was 
concluded. Pb was found to accumulate in the roots of N. caerulescens (Walker & Bernal, 2004; 
Martínez et al., 2006), but Pb uptake did not significantly affect Zn accumulation or plant growth 
(Walker & Bernal, 2004). Our previous study of N. caerulescens (unpublished) showed that Pb 
inhibited plant growth and Zn accumulation, and that the level of Pb taken up into the roots reached 
the threshold of a Pb excluder (van der Ent et al., 2012).  
Interaction between Zn and P in plant tissues was reported to impact Zn uptake and detoxification in 
some hyperaccumulators by forming precipitates of Zn-phosphate (Vazquez et al., 1994; Kupper et 
al., 1999; Vollenweider et al., 2011a). According to Cakmak & Marschner (1987), high levels of P 
in plant tissues reduces the physiological availability of Zn, and the level of water-soluble Zn can be 
considered as an indicator for phosphorus-induced Zn deficiency. In N. caerulescens, Zn 
hyperaccumulation was reported not to induce P deficiency (Zhao et al., 1998). However, our 
previous study of N. caerulescens found that Zn deficiency enhanced P accumulation both in shoots 
and roots, but the excess Zn concentration in the shoots decreased the P concentration by 35 % 
(Dinh et al., 2015). Zn and P-rich globular precipitates were observed in the leaf epidermal cells of 
N. caerulescens (Vazquez et al., 1994), but other findings show  that the co-precipitation of Zn and 
P was important in the roots, but not in the shoots (Zhao et al., 1998). Our previous study also 
found Zn-rich crystals in root and leaf cells of N. caerulescens, but only the Zn-rich crystals in the 
roots contained significant amounts of P (Dinh et al., 2015).  
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Elucidating the cellular and tissue-level distribution of transition element ions, such as Zn2+, is 
challenging due to the limitations of most analytical techniques. Methods based on electron probe 
x-ray microanalysis include scanning electron microscopy or transmission electron microscopy 
coupled with energy-dispersive x-ray spectroscopy, and other techniques such as proton-induced x-
ray emission, electron energy loss spectroscopy and secondary-ion mass spectrometry, all require 
pre-treatment of samples prior to analysis such as freezing or freeze-drying (Galway et al., 1995; 
Hodson, 1995; Lombi & Susini, 2009). The use of scanning electron microscopy suffers from 
insufficient sensitivity and resolution for analysing metal ions at the subcellular level (Hodson, 
1995; Lombi & Susini, 2009). None of these techniques are suitable for fresh or living plant tissue 
samples. Although living plant tissues may be imaged using synchrotron radiation, such as x-ray 
fluorescence microscopy, there are limitations to sample preparation, dehydration and radiation 
damage and the method is accessible only via highly competitive synchrotron beam time. The use 
of confocal laser scanning microscopy in combination with selective fluorescent probes could 
overcome some of these challenges (Pollastri et al., 2012). To date, however, few published studies 
apply fluorescent probes to investigate metal distribution in metal hyperaccumulating plants. 
Confocal microscopy and selective dyes were used to examine Zn2+ homeostasis in Arabidopsis 
roots (Sinclair et al., 2007) and transient Ni2+ influx in root mitochondria of the Ni 
hyperaccumulator Alyssum murale (Agrawal et al., 2013). Other studies include the application of 
fluorescent probes to investigate cellular tolerance to Zn2+, Ni2+ and Cd+2 in N. caerulescens and 
Aradidopsis halleri (Marquès et al., 2004). All of these studies used seedlings and short-term 
experimental metal exposure. 
This study used N. caerulescens to investigate 1) the effect of plant age on accumulation and 
tolerance to Zn and Pb, 2) the solubility of Zn in leaves in relation to P, and 3) to elucidate the 
distribution of Zn2+ in living cells using confocal laser scanning microscopy and three different 
selective fluorescent probes in driven with the aim of evaluating the prospect of this method. 
5.2. Materials and methods 
5.2.1. Plant culture 
The plants were grown hydroponically in a glasshouse using the methods detailed in our previous 
study (Dinh et al., 2015). Briefly, the seeds of N. caerulescens (Prayon) were sterilized with 0.5% 
NaClO, germinated in the dark, and then 1-week-old seedlings were transplanted into foam strips in 
contact with basal nutrient solution (Monsant et al., 2010): (all in μM) 20 KH2PO4, 600 K2SO4, 200 
MgSO4, 100 CaCl2, 10 FeEDDHA, 10 FeNaEDTA, 5 H3BO3, 1 MnSO4, 0.2 CuSO4, 0.03 Na2MoO4 
and 600 Ca(NO3)2. The plants were grown in groups of three plants per closed-cell foam strip (six 
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strips per pot) that were placed on top of 5 L black polyethylene pots. The solution was aerated 
continuously. The factorial experiment consisted of four treatments: Zn11W (500 μM Zn) and 
Zn+Pb11W (500 μM Zn + 24 μM Pb) on the 11-week old plants; Zn17W (500 μM Zn) and 
Zn+Pb17W (500 μM Zn + 24 μM Pb) on the 17-week old plants, all replicated three times. The 
plants treated from 11 weeks were harvested at 38 weeks and plants treated from 17 weeks were 
harvested at 44 weeks, hence they are younger and older plants, respectively. The Zn was supplied 
as ZnSO4 and the Pb as Pb(NO3)2 for a treatment duration of 27 weeks. The nutrient solutions were 
maintained at the same volume by adding nutrient solution daily and they were replaced every 5 
days.  
5.2.2. Plant harvest and analysis 
The harvested plants were washed with de-ionized water, dried with tissue paper, and then 
separated at the root–shoot junction. The fresh shoots and roots were weighed and then dried in 
paper bags at 80°C for 24 h. The dry plant samples were weighed immediately after removal from 
the drying oven, and then ground using a mortar and pestle. Weighed subsamples of shoots and 
roots were placed into 50 mL digestion tubes and digested in 7 mL concentrated HNO3 70% (v/v) 
mixed with 2 mL H2O2 30% (v/v) in a microwave digester for a total process time of 1 h 25 min 
(Dinh et al., 2015). The total concentrations of Zn, Pb and other elements in the digests were 
determined using inductively-coupled plasma atomic emission spectroscopy (ICP-AES).  
Water-soluble Zn and P in fresh mature leaf blades were extracted with 1 mM MES buffer at pH 6.0 
and the concentrations were determined using ICP-OES (Cakmak & Marschner, 1987; Zhao et al., 
2000). The total Zn and P concentrations in these samples were also determined as described above. 
The insoluble fraction of Zn and P was calculated as the difference between the total and the water-
soluble concentrations. Reference material from apple leaves (NIST 1515) was included in all 
analyses for quality assurance. 
5.2.3. Preparation of samples and standards for confocal fluorescence imaging 
Imaging the intracellular Zn: The intracellular distribution of ionic Zn2+ in the roots and leaves was 
investigated using three different fluorescent probes: Zinpyr-1, Newport Green DCF dipotassium 
salt and Phen Green SK diacetate salt (Life technologies, USA). No reliable measurements could be 
made using Pb2+ fluorescent probes due to the presence of high Zn2+, and also because the 
anticipated tissue Pb2+ concentrations were very low (maximum foliar Pb of about10 mg kg-1) 
(Bieby Voijant, 2011), thus we focussed on imaging Zn2+ only. The dyes were used to individually 
stain the plant subsamples and to visualize the intracellular Zn2+. Zinpyr-1 is a Zn-sensitive, 
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fluorescent dye able to penetrate cell membranes. It is highly specific and has a high affinity for 
Zn2+. The probe is UV-excitable (405 nm) and emits in the green region of the spectrum. Zinpyr-1 
was dissolved in a small volume of dimethyl sulfoxide (DMSO) and then diluted with water. 
Newport Green DCF is a sensitive indicator for Zn2+, and is relatively insensitive to Ca2+ and other 
transition elements such as Cu2+ and Fe2+ (Johnson & Spence, 2010). Phen Green is a general-
purpose transition element indicator sensitive to: Cu2+, Fe2+, Pb2+ and Zn2+ and in contrast to 
Newport Green and Zinpyr-1, it quenches fluorescence quantum yield upon binding with these ions. 
After staining, the subsamples were imaged on a reverse laser confocal microscope (LSM 510, 
ZEISS). Four lasers were used: blue (excitation: 405 nm) with an emission band-pass filter of 420–
480 nm; green (excitation: 488 nm) with an emission filter of 505–550 nm; red (excitation: 561 nm) 
with an emission filter of 565–610 nm, and magenta (excitation: 640 nm) with an emission filter of 
≥650 nm. The excitation wavelength of Zinpyr-1 was 488 nm with peak emissions at 530 nm, 
Newport Green DCF was excited at 488 nm with a 505–550 nm emission band, and Phen Green 
was excited at 560 nm with a 610 nm long band pass emission filter. Image-capture settings were 
1024 × 1024 and 2048 × 2048 pixel resolution at a scan speed of 7. 
Leaf and stem section staining: Fresh mature leaves with stems attached were embedded in warm 
agarose gel (4%) and then sliced (40 µm) with a vibrating microtome at room temperature (25°C). 
Selected sections were removed from the agarose, stained with the fluorescent dyes (100 µM) in the 
wells of a microplate at room temperature in darkness for 2 h, and then mounted in water on glass 
slides with thin glass coverslips. Sections stained by Zinpyr-1 were washed in deionized water 
before mounting. 
Leaf staining: Fresh leaves from the treatments were exposed to Newport Green DCF dipotassium 
salt and Phen Green SK diacetate salt by placing the stem of the leaf in an Eppendorf tube 
containing 0.4 mL of 100 µM dye for 12 h. Each tube contained two mature leaves and each 
treatment was replicated three times. 
Whole plant staining: The whole living plant was exposed to Newport Green and Phen Green dyes 
by placing the roots in a 50 mL plastic tube containing 3 mL of 100 µM dye for 12 h.  
Leaf, stem and root subsamples from the leaf staining and the whole plant staining were then treated 
in the same way as the stained sections described under the heading “Leaf and stem section 
staining”. Leaf sections from leaves of the whole plants exposed to the dyes were immersed in 
fluorescent dye again for 2 h to induce dye saturation before mounting on standard glass slides for 
confocal imaging.  
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Zn2+ standard solutions: Standard solutions were prepared from Zn(NO3)2. The concentrations of 
the standards were based on the Zn2+ concentrations found in the fresh leaves and roots by ICP-AES 
analysis. These standards were mixed with each fluorescent dye separately, and then a 100 µL drop 
(50 µL standards and 50 µL of 100 µM dye) was placed in an open 8-well µ-slide with a glass 
bottom. The standards were viewed using confocal imaging to obtain the emission spectra and 
fluorescence intensity for the Zn2+ concentrations.  
Quantification of Zn2+: The Zn2+ was quantified in a region of interest (ROI) on each sample by 
measuring the green fluorescence intensity for each dye. Each sample was measured three times and 
the ROI for each type of plant cell was measured at least five times (n ≥ 5) to obtain an average 
fluorescence intensity for each cell type. Each standard solution (0.5 M, 0.282 M, 0.0561 M, 0.0115 
M and 0.0055 M Zn) was measured at least four times (n ≥ 4) to get the average fluorescence 
intensity of each defined Zn2+ concentration. The Zn2+ concentration of each cell type was 
calculated from the green fluorescence intensities of the standard solutions. 
5.2.4. Data analysis and interpretation 
One-way and two-way analysis of variance of dry masses and Zn concentrations were performed 
using Genstat 16.1 (VSN International Ltd, copyright UQ). Least significant difference (LSD 5%) 
was used to compare the treatment means. Sample means, fluorescence intensities of each ROI 
mean, standard errors, linear regressions and bivariate correlations (r) were calculated using 
Microsoft Excel 2010. Confocal images and data from the laser confocal microscope (LSM 510, 
ZEISS) were analysed using ZEN software for LSM 510 (Carl Zeiss Microscope) and Fiji software 
(Fiji Is Just ImageJ).  
5.3. Results 
5.3.1. Plant growth, Zn, Pb and elemental concentrations 
The plant show no toxicity symptoms in any of the treatments. The dry weights were 7–8 times 
higher in the shoots than in the roots, and both shoot and root dry weights of 38-week-old plants 
(11W) were higher than 44-week-old plants (17W) after 27-week treatments (Table 5-1). The Zn-
treated plants had lower shoot and root dry weights than the Zn + Pb-treated plants. However, plant 
age did not significantly influence shoot and root dry weights in plants exposed to the 500 µM Zn 
treatment (P < 0.05, n = 4) (Table 5-1). In contrast, the biomass of the 17-week-old plants treated 
with Zn + Pb was 20% less in the shoots and 15% less in the roots than the 11-week old plants (P < 
0.05, n = 4) (Table 5-1).  
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Table 5-1. Dry weight (mg) and concentration of Zn, Pb and Ca, Mg, P, S, Cu, Fe and K (mg kg-1) 
in shoots and roots of N. caerulescens after treatment for 27 weeks. Dry weights (n = 4) and 
concentrations (n = 3) assigned different letters (a, b and c for shoots; A, B and C for roots) show 
significant differences between the treatment means (P < 0.05). 
Plant 
part 
 Week 
(W) 
DW 
(mg) Concentration (mg kg-1) 
Zn  Pb Ca Mg P  S  Cu Fe  K 
500µM Zn 
Shoot 11W 
5395
a 12890a 
0.09
a 
7958
a 
1938
a 
1864
b 7013a 2.49a 
42.38 
a 
27519
a 
17W 
5083
a 10246a 
0.19
a 
7073
a 
1564
a 
1383
a 5679a 2.61a 
32.78 
a 
22952
a 
Root 11W 
688
A 
15135
A 
62.3
B 
3709
A 
2610
A 
5021
AB 
9890
A 155A 
17692
A 
21074
A 
17W 
568
A 
16489
A 
19.0
4A 
4365
A 
2585 
A 
3478
A 
9449
A 278A 
12415
A 
20129
A 
500µM Zn + 24 μM Pb 
Shoot 11W 
7697
b 11095a 
2.01 
c 
7375
a 
1521
a 
1577
ab 5515a 2.31a 
38.05 
a 
24100
a 
17W 
6666
a 11461a 
1.09 
b 
8196
a 
1642
a 
2153
b 5689a 2.6a 
36.75 
a 
26034
a 
Root 11W 
966
B 
16523
A 
1686
C 
3975
A 
3388
A 
6029
B 
10131
A 212A 
17450
A 
21443
A 
17W 783a 
17473
A 
2305
C 
5435
A 
2388
A 
6370
B 
10192
A 160A 
24503
A 
19310
A 
The concentration of Zn in the shoots and roots was not significantly affected by the metal 
treatments or plant age, whereas Pb was affected (Table 5-1). Concentrations of Zn varied from 1–
1.2% dry mass in the shoots and 1.5–1.75% in the roots. Lower concentrations of Zn in the shoots 
than in the roots for all treatments,  in addition to the reduced dry mass of the 44-week-old plants 
compared with the 38-week-old plants, suggests reduced Zn translocation from roots to shoots in 
the older plants. Pb accumulated predominantly in the roots and a small amount (1-2 mg kg-1) was 
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translocated to the shoots (Table 5-1). Pb attained 1700 to 2300 mg kg-1 root dry mass in the Zn + 
Pb treatment, and it ranged from 19 to 60 mg kg-1 in the roots of plants treated with Zn. The Zn + 
Pb treatment significantly increased the concentration of Pb in the shoots compared with the Zn 
treatment. Plants treated with Zn + Pb appeared to have healthy growth and a higher biomass than 
the other treatments, despite large amounts of accumulated Zn and Pb in the roots, indicating that N. 
caerulescens tolerated the presence of Pb in the nutrient solution.  
The concentrations of other plant nutrients: [calcium (Ca), magnesium (Mg), sulphur (S), copper 
(Cu), iron (Fe) and potassium (K)] were not significantly influenced by the metal treatments or 
plant ages (Table 5-1). The concentrations of Ca were two times higher in the shoots than in the 
roots, whereas for all treatments, more P and S, and especially more Cu and Fe, were retained in the 
roots than in the shoots. In the roots, the concentration of P was lowest in the roots of 17-week-old 
plants treated with Zn, but highest in the roots of 17-week-old plants treated Zn + Pb. Generally, 
accumulation of P in the roots of 17-week-old plants treated with Zn was 30-45 % lower than in the 
roots of others treatments. In the shoots, the concentration of P was 25% higher in the shoots of 11-
week-old plants than in the shoots of the 17-week-old plants treated with Zn, while P was 25% 
lower in the shoots of 11-week-old plants than in the shoots of 17-week-old plants treated with Zn + 
Pb. 
5.3.2. Accumulation and solubility of Zn and P in leaves 
Zinc and P have been implicated in Zn-detoxification mechanisms in N. caerulescens via the 
formation of insoluble Zn salts such as Zn-phosphate or Zn-phytate. Concentrations of Zn in fresh 
and dry leaves were 9–14 times higher than the concentrations of P (Figure 5-1). 
The total Zn concentrations in the dry leaves (1.4% dry weight) were highest in the 11-week-old 
plants treated with Zn (Figure 5-1a). The highest total P concentrations occurred in the 11-week-old 
plants exposed to Zn + Pb (Figure 5-1b), whereas the lowest P concentrations occurred in the dry 
leaves of the 11-week-old plants exposed to Zn. The water-soluble concentrations of Zn were 
significantly higher in plants treated with Zn compared with plants treated with Zn + Pb, and the 
highest concentration of Zn occurred in the 11-week-old plants from the Zn treatment (Figure 5-1a). 
Water-soluble P was not significantly different in the leaves of the 11-week-old plants treated with 
Zn and the 17-week-old plants treated with Zn + Pb, but it was significantly lower in the 11-week-
old plants treated with Zn + Pb. The positive but weak correlation between insoluble Zn and P (r = 
0.46) in the leaves indicates their positive relationship (Figure 5-1c), but suggests that co-
precipitation of P and Zn in the leaves was not common.  
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Figure 5-1. Concentration of (a) Zn and (b) P in fresh and dry leaves after 27 weeks of treatment. 
(c) Correlation between insoluble Zn and insoluble P in the leaves of N. caerulescens. 
5.3.3. Distribution of Zn2+ in plant tissues and cells 
The fluorescence signals of samples stained with Phen Green (Figure 5-2a–c) were less intense than 
samples stained with Newport Green (Figure 5-2d–f) or Zinpyr-1 (Figure 5-2g–i), and they 
appeared similar to unstained control samples (Figure 5-2k–m). There was minimal green 
fluorescence from ROIs at higher magnification for  the samples stained with Phen Green and the 
control using the single green colour channel. The weaker green fluorescence from samples stained 
with Phen Green is because Phen Green quenches fluorescence quantum yield upon binding Zn2+. 
In comparison, samples stained with Newport Green (Figure 5-2d–f) show strong green 
fluorescence at the same staining duration. The fluorescence from samples stained with Zinpyr-1 
was similar to those stained with Newport Green, although the duration of stain exposure (2 h) was 
shorter than for Phen Green and Newport Green. Fluorescence from the control sample was pink 
auto-fluorescence as shown by the multi-colour channels, particularly mesophyll cells containing 
chlorophyll, but the green fluorescence was mostly absent. 
82 
Phen 
Green
12h
a
14h
b
14h
c
Newport 
Green
d e f
UE
LE
V
MM
LE
UE
V
M
M
UE
LE
V
MM
LE
UE
M
M
E
E
s
E
E
s
 
2h 2h 2h
Zinpyr-1
g h i
Control
k l m
LE
UE
V
M
M
UE
LE
M
M
V
LE
UE
M
M
V
E
E
s
E
E
s
E
LE
UE
V
M
M
 
Figure 5-2. Uptake of Zn into plant cells after treatment for 27 weeks. (a–c) Samples collected from 
the Zn + Pb treatments stained with Phen Green. (d–f) Samples from the Zn treatment stained with 
Newport Green. (a and d) Root hairs from the whole plants stained for 12 h. (b and e) Mid-vein of 
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leaves and (c and f) leaf tips sectioned from the whole plant stained for 12 h and then leaf sections 
stained for 2 h. (g–i). Samples collected from the Zn treatment stained with Zinpyr-1 for 2 h. (k–m) 
Control samples sectioned from a plant from the Zn treatment without staining; the observed 
fluorescence is auto-fluorescence. The stained samples were visualized under a fluorescent 
microscope and all images are presented using multi-colour channels (RGB). The red squares 
indicate areas of interest that are presented in the upper corner at a higher magnification. The areas 
of interest in a–c and k–m are presented in a single-colour channel (green). E, epidermis; LE, lower 
epidermis; UE, upper epidermis; M, mesophyll; V, vein; and S, stele. All scale bars are 100 µm. 
Zn2+ and Pb2 were observed in the root hairs stained for 12 h (Figure 5-2a,d). As shown in Figure 
5-2a, there was almost absent green fluorescence in the root hairs stained with Phen Green as shown 
by the multi-colour channels, and the fluorescent signals in the stele were more intense than in the 
other tissues. In contrast, green fluorescence was clearly detected in the root hairs stained with 
Newport Green (Figure 5-2d) and the green fluorescence was more intense in the rhizodermis than 
in the stele, and even more intense in the cell wall. Interestingly, the green fluorescence indicates 
that the Zn was homogeneously distributed in the root cells. 
To investigate the ability of the dyes to absorb and bind to Zn2+ in the leaf cells, leaves from whole 
plants were stained with Phen Green and Newport Green for 12 h and then sectioned for confocal 
imaging, but the green fluorescence signals were weak. The same sections were stained again for 2 
h before confocal imaging, but as expected no green fluorescence from the Phen Green samples was 
detected because of quenching (Figure 5-2b,c). Meanwhile, intense green fluorescence was 
observed in the epidermal cells and leaf veins of the samples stained with Newport Green (Figure 
5-2e,f), indicating that Zn was more abundant in the upper epidermis than in the lower epidermis. 
For the epidermal cells illustrated by Figure 5-2e,f, the green fluorescence was intense in the 
epidermal cell walls and very intense in the cytoplasm of some of those cells. However, the 
subcellular structure was not visible in samples stained with Phen Green and Newport Green 
separately, although Newport Green is known to be very sensitive to Zn2+. This result shows that 
Newport Green is more suitable for detecting Zn2+ than Phen Green, and although Phen Green has 
been reported to quench green fluorescence upon binding with both Pb and Zn2+, it was not 
effective for our plant samples or our method. 
Zinpyr-1 was used to overcome the limitation of spectroscopic quenching by Phen Green SK 
diacetate salt and cell impermeability of Newport Green DCF dipotassium salt. Green fluorescence 
was intense in cells from the rhizodermis to the endodermis and to the stele of the root hairs, but 
was most intense in the rhizodermis (Figure 5-2g). Green fluorescence was common in the cell 
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walls of many root cells that were not saturated. The results show that strong green fluorescence 
occurred in the epidermal cells and in the leaf veins (Figure 5-2h,i). Green fluorescence occurred in 
the cell wall of mesophyll cells. In a few small epidermal cells, an intense green fluorescence was 
emitted from the whole cell, although most epidermal cells fluoresced from the cell wall, and show 
a light green fluorescence from other cellular organelles (Figure 5-2h,i). A high amount of water 
and an uneven distribution of Zn2+ within the cells probably resulted in low visualization of Zn2+ in 
the cells. Green fluorescence representing Zn was more common in the cell walls than in other parts 
of cells in both leaf and root samples. Some root and leaf epidermal cells appeared to be filled with 
Zn2+. No crystals were detected when visualizing Zn2+ in living tissues or in the cells of both roots 
and leaves. 
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Figure 5-3. Quantification of Zn2+ and fluorescence intensity of leaf and root tissues stained with 
fluorescence probes normalized to unstained control samples. (a) Fluorescence intensity of five Zn 
standard solutions reacting to three fluorescence probes. (b and c) Fluorescence intensity of three 
cell types in leaf and root tissues measured using three different probes and an unstained control. (d 
and e) Fluorescence intensity of different leaf and root tissues measured using three different probes 
normalized to unstained control samples. 
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Figure 5-4. Spectral matching of the Newport Green fluorescent probe in a plant leaf section and in 
solution with Zn2+. (a) The graph presents the spectral fluorescence of two regions of interest 
(region 1, red; region 2, green) in the leaf section stained with Newport Green. (b) The graph 
presents the spectral fluorescence of a solution of Zn standard and Newport Green. 
To validate our observations of Zn2+ in tissues and cells, Zn2+ was quantitatively analyzed (Figure 
5-4). All data in Figure 5-3 represent the Zn2+ concentrations determined by the green fluorescence 
intensity of the Zn standards. The concentrations of Zn2+ (measured using ICP-AES) in the fresh 
leaves and roots were around 0.113 M, which is twice the concentration used for the median Zn 
standard (0.0561 M), before mixing with an equivalent volume of dye. The highest fluorescence 
intensity measured in the stained plant tissues was chosen to represent the Zn concentration in those 
tissues and was used to compare with the concentrations of the n standards. The result from Figure 
5-3a shows that Zinpyr-1 and Zn had the highest fluorescence intensity, whereas Phen Green and 
Zn had the lowest intensity for all Zn standards. In the leaves, the epidermis had the highest 
fluorescence intensity (30000 counts per second when stained with Newport Green), which is close 
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to the 0.282 M Zn standard (18000–19000 mg kg-1 Zn) (Figure 5-3b). The leaf veins also had high 
fluorescence intensities, but they were lower than the epidermis (25000 counts per second with 
Newport Green) (Figure 5-3b). The mesophyll had the lowest fluorescence intensity, which was 
similar to the fluorescence intensity of the 0.0561 M Zn standard of (13000 counts per second). In 
the roots, the highest fluorescence intensity was in the epidermis (55000 counts per second with 
Zinpyr-1) and its fluorescence intensity ranged between the 0.282 M and 0.0561 M Zn standards 
(Figure 5-3c). The cortex and stele of the roots had a fluorescence intensity that was lower than the 
0.0055 M Zn standard with any of the dyes, although some root cells in both the cortex and the stele 
had a saturated green fluorescence that was similar to the epidermis (0.282 M and 0.0561 M Zn). 
However, the saturated cells observed in the roots were not located among the specificed types of 
root cells, although some were observed preferably location in the epidermis adjacent to the cortex 
or stele. The fluorescence intensity of Zn2+ was lower in all cell types in the control (samples 
without the dyes) than the intensity of the total Zn concentrations found in fresh leaves and roots by 
ICP-AES analysis (0.0561 M) (Figure 5-3b,c).   
The green fluorescence shows that compared with the control samples, the fluorescence of the leaf 
epidermis cells increased 20–25 times, whereas the fluorescence in the leaf veins increased by over 
35 times(Figure 5-3d). Mesophyll cells had three times more fluorescence than the control samples. 
Also compared with the control samples and similar to the fluorescence of the leaves, the 
fluorescence of the root epidermis cells increased 28 times, whereas the fluorescence was 15–20 
times higher in the stele and 10 times higher in the cortex (Figure 5-3e). 
5.4. Discussion  
Plant growth and its relation to Zn and Pb uptake and tolerance: Previously it was reported that N. 
caerulescens requires more Zn for its growth compared with non-hyperaccumulators (Dinh et al., 
2015) and that it has a higher biomass and a lower mortality rate when grown on contaminated 
industrial soil than on agricultural soil (Saison et al., 2004). However, plant age and duration of Zn 
exposure were reported to influence plant growth and the capacity for Zn accumulation. Robinson 
et al. (1998) showed that one-year-old wild plants had over two times the concentrations of Zn and 
Pb than two-year-old wild plants in a mining area. Our previous findings for hydroponically grown 
N. caerulescens (Dinh et al., 2015) are consistent with these reports, whereby younger plants had a 
higher Zn uptake than older plants in the order 9 weeks > 13 weeks > 14 weeks. In the present 
study, the 38-week-old plants had a higher biomass than the 44-week-old plants after metal 
treatments, and the effect was more pronounced in the Zn + Pb treatment than in the Zn treatment. 
However, it remains unclear how old the plants should be to optimize growth and Zn 
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phytoextraction. It was reported that increasing biomass does not always increase metal 
phytoextraction (Monsant et al., 2008) because metal content in the shoots can be diluted by a 
larger biomass (Robinson et al., 1998) and by a lower translocation from roots to shoots (Monsant 
et al., 2008).  
Zn was found to enhance the growth of N. caerulescens in short–term treatments (2 weeks), but to 
inhibit growth in long-term treatments (Dinh et al., 2015). Our previous work showed that in 12-
week-old N. caerulescens the Zn + Pb treatment inhibited both plant growth and Zn accumulation 
compared with the Zn treatment applied for 5–7 weeks. In this previous work, Zn uptake into the 
shoots of N. caerulescens was reduced by 10–30% when 12 µM Pb (half the rate used in the present 
study) was added to Zn in the nutrient solution. However, in the present study, the Zn 
concentrations in both shoots and roots were not affected by the presence of 24 µM Pb in the 17-
week-old plants from the Zn + Pb treatment. The current work also indicates that the Zn + Pb 
treatment diminished the influence of Zn on plant growth and enhanced the accumulation of Pb in 
roots. For some common heavy-metal hyperaccumulators, Pb levels were recorded to be below 120 
mg kg-1 in the roots, and around 10 mg kg-1 in the shoots and leaves (Bieby Voijant, 2011). In the 
present study, the concentration of Pb in the shoots was low, but Pb in the roots of plants treated 
with Zn + Pb was 1700–2300 mg kg-1 dry mass, which is much higher than the above mentioned 
120 mg kg-1. The minimal influence of Pb on plant growth and the high accumulation of Pb in the 
roots of N. caerulescens indicates its capacity for Pb tolerance.  
Zinc, Pb and their influence on other nutrients: Although Zn hyperaccumulation and its relationship 
with other nutrients in N. caerulescens have been the focus of many previous studies, the influence 
of Pb on plant nutrients has rarely been discussed. It was reported that the concentrations of 
essential elements decreased in plants under heavy-metal stress because ion leakage from damaged 
roots and immobilization of elements in the roots led to low translocation to the shoots (Siedlecka, 
1995). However, this does not explain our findings (unpublished) for N. caerulescens, where the 
addition of Pb to the Zn treatment did not significantly affect the concentration of plant nutrients 
(Ca, Mg, S, Cu, Fe and K) compared with the plants treated with only Zn after 5–7 weeks of 
treatment. Those findings were confirmed again in the current study where most nutrients, except P, 
in the shoots and roots did not significantly differ between the metal treatments; even when the 
duration of metal exposure was 27 weeks. The healthy looking growth of plants in both the Zn and 
Zn + Pb treatments suggests stable nutrient concentrations in the plants. However, P differed from 
the other nutrients whereby it was lower in the shoots and roots of the 17-week-old plants from the 
Zn treatment, and higher in those of the Zn + Pb treatment. The differences in P levels in the present 
study cannot be explained by the formation of Pb-phosphate precipitates (Kopittke et al., 2008) 
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because no precipitates were observed. The difference in P concentrations between the Zn and Zn + 
Pb treatments remains unclear and requires further study. A model of Zn uptake can be developed 
to predict Zn phytoremediation success from estimates of Zn concentration added to the nutrient 
solution, metal combined with Zn and age of the plant (Shashi, 2004; Verma et al., 2007; Šimůnek 
& Hopmans, 2009; Panina & Shein, 2014). P and some other nutrients of the growth environment 
have been known to influence Zn uptake via the interaction of free ions that has been reported as 
input data of the free ion activity model (Shelmerdine et al., 2009). 
The relation between Zn and P in N. caerulescens: Zn and P were reported to be antagonistic in 
some crop species where it was found that Zn deficiency enhanced the uptake and translocation of P 
in leaves (Cakmak & Marschner, 1987; Ishak, 2013). It has been suggested that a high level of P in 
plant tissues reduces the physiological availability of Zn (Cakmak & Marschner, 1987). In N. 
caerulescens, Zhao et al. (1998) found that P negatively related to Zn concentration in the shoots, 
but positively related to Zn concentration in the roots, especially between insoluble P and insoluble 
Zn. Our previous study showed that Zn deficiency enhanced P accumulation, but P concentrations 
in the shoots was reduced by 50–60% when the plants were exposed to Zn for 16 weeks (Dinh et 
al., 2015). Our present results are consistent with our previous study such that P concentrations in 
the older plants treated with only Zn were reduced by 30% compared with the younger plants. In 
some hyperaccumulators, Zn and P were reported to be involved in Zn-phosphate precipitation 
(Vazquez et al., 1994; Kupper et al., 1999; Vollenweider et al., 2011a). Zn and P-rich globular 
precipitates were observed in leaf epidermal cells of N. caerulescens (Vazquez et al., 1994), but 
Zhao et al. (1998) concluded that co-precipitation of Zn and P was important in the roots, but not in 
the shoots. In our previous study, Zn-rich crystals were found both in freeze-dried roots and leaves 
of N. caerulescens, but only the Zn-rich crystals in the roots contained significant amounts of P 
(Dinh et al., 2015). It was also found that less Zn-phytate occurred in the shoots (5–25%) than in 
the roots (45–49%) in N. caerulescens (White-Monsant & Tang, 2013). Our recent work also found 
Zn-rich crystals in the leaf epidermis of plants treated with Zn and with Zn + Pb, but no crystals 
were observed in cryo-preserved samples (unpublished). The current study of fresh leaves found 
that insoluble Zn and P have a positive relationship in leaves (r = 0.46). These findings suggest that 
precipitation of P and Zn as Zn-phytate was not common in the leaves. 
Distribution of Zn2+ and Pb2+ in plant tissues and cells by fluorescent probes: Many studies have 
investigated metal distribution and Zn hyperaccumulation in N. caerulescens at the whole plant and 
at the cellular level. However, according to our knowledge, only one study has applied fluorescent 
probes to detect heavy-metal ions in plant tissues and cells of N. caerulescens (Marquès et al., 
2004), although the method has been conducted on some other hyperaccumulators (Marquès et al., 
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2004; Sinclair et al., 2007; Agrawal et al., 2013). Therefore, selected fluorescent probes and 
staining samples of N. caerulescens could benefit from more discussion. Three fluorescence 
indicators were used in the present study: Phen Green is reported to react with both Pb2+ and Zn2+, 
whereas Newport Green and Zinpyr-1 are Zn- selective fluorescent indicators. However, the 
reaction of Phen Green with Zn2+ in the whole-plant samples only produced weak green 
fluorescence. Transport of the probes from the roots to the shoots by living plants was weak as 
indicated by low intensity green fluorescence in leaf sections from whole-plants. 
Immersing plant sections in dye solutions was necessary for detecting Zn2+ ions with Newport 
Green, Zinpyr-1 and Phen Green. Our results also indicate that the thickness of sectioned samples is 
important for staining efficiency. The fluorescence intensity in 40-µm thick sections of leaf, stem 
and root exposed to the dyes was much greater than in 50-µm thick sections. Observations of leaf 
sections exposed to fluorescent probes show a clear distribution of Zn2+ in the different cell types, 
whereby the highest Zn2+ concentration was in the epidermal cells and the lowest was in the 
mesophyll cells.  
Our results using fluorescent probes are consistent with findings for N. caerulescens that have used 
other techniques in which Zn is mainly located in the epidermal cells, with smaller amounts in 
mesophyll cells and leaf veins (Kupper et al., 1999; Frey et al., 2000; Monsant et al., 2010; Dinh et 
al., 2015). However, quantification of Zn2+ in specific cell types is difficult because of experimental 
limitations. Monsant et al. (2010) found that Zn concentrations in leaf epidermal cells were 1.5–2 
times higher than the total Zn concentrations in shoots, 36000 and 20000 mg kg-1 Zn, respectively, 
in the upper and lower epidermis of freeze-dried leaves of plants with 17600 mg kg-1 total Zn in 
shoots. Similarly, we found that the concentration of Zn2+ in fresh leaf epidermal cells was 2.5 
times higher (18000–19000 mg kg-1) in plants with 7000–8000 mg kg-1 total Zn in fresh leaves. Our 
results suggest that very high concentrations of Zn2+ ions were in occurred in leaf epidermal cells 
because the normal living plant cells certainly contain 70–80% water. We also found higher green 
fluorescence in the upper epidermis compared with the lower epidermis in fresh leaves (data not 
shown). High levels of Zn2+ in the leaf veins in the present study have not been reported in previous 
studies and probably result from Zn movement from the roots to the shoots. Although the root is the 
first part of the plant to contact metal ions from the soil, their role in Zn storage has rarely been 
discussed in previous studies. We found that Zn2+ concentrations were higher in the root epidermis 
and lower in the cortex and stele, although some Zn-saturated cells suggest mobile Zn distribution 
between the epidermis, cortex and stele. This is a well known mechanism for Zn2+ movement from 
the outer cell to inner cells for translocation to the shoots. Although the vacuolar storage of Zn has 
been reported in N. caerulescens (Vazquez et al., 1994; Kupper et al., 1999), we found that higher 
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levels of green florescence of Zn2+ were more common in cell walls than in vacuoles, which is 
similar to the findings of Marquès et al. (2004). However, visualization of Zn and Pb ions at the 
subcellular level was not clear when the plant samples were exposed to the fluorescent probes. 
Observation of plant samples stained with Zinpyr-1 show that Zinpyr-1 could be more promising for 
detecting Zn2+ at the subcellular level than the other probes.  
5.5. Conclusions    
Noccaea caerulescens has a high capacity to accumulate Zn and is tolerant to Pb. The younger 
plants were more tolerant to Zn and Pb than the older plants. Pb combined with Zn diminished the 
influence of Zn on plant growth. Translocation of Zn from roots to shoots was reduced after the 27-
week heavy-metal exposure. Concentrations of P decreased in the older plants treated with Zn, but 
was enhanced in the older plants treated with Zn + Pb. The formation of insoluble salts of Zn and P 
(Zn-phosphate or Zn-phytate) is probably not common in leaves because there was only a weak 
positive correlation between insoluble Zn and insoluble P. Confocal laser scanning microscopy in 
combination with selective fluorescent probes proved to be a useful tool for elucidating cellular and 
tissue-level distribution of Zn2+ in living plant cells at high resolution. The technique show that Zn2+ 
was located mainly in the leaf epidermal cells, and in the cell walls of both epidermal and 
mesophyll cells. In some small epidermal cells in leaves, and in various cell types in the roots, Zn2+ 
occurred at relatively higher levels, particularly in the walls. Quantification of Zn2+ in living cells 
shows the highest Zn2+ in epidermal cells, whereby the Zn2+ concentration in the leaf epidermis was 
0.282 M (18000–19000 mg kg-1) and varied from 0.0561 to 0.282 M in the root epidermis. This is 
the first time that Zn2+ has been measured by fluorescent probes in various cell types of N. 
caerulescens. Zn-rich crystals in epidermal cells were not evident and high Zn2+ fluorescence in the 
vacuoles was rarely detected by fluorescent probes.  
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6.1. Conclusions 
Zinc phytoextraction by the hyperaccumulator Noccaea caerulescens can be improved by 
optimizing factors that impact its process: plant growth, plant age, Zn bioavailability, Zn exposure 
duration and presence of other heavy metals in the growing environment, and modelling the Zn 
uptake process. The research showed that N. caerulescens had a much higher Zn tolerance and Zn 
requirement for growth than the related non-hyperaccumulator Thlaspi arvense. At seven-weeks, 
plants had a higher capacity for Zn accumulation in the shoot than older plants of 11, 12 and 17 
weeks. Exposure to Zn for a short period increased plant biomass significantly, whereas prolonged 
Zn exposure decreased the biomass. The optimal Zn concentration for plant growth in nutrient 
solution was found to be in the range of 200 - 300 µM, but Zn uptake was observed to continue to 
when the external Zn concentration was high.  
Noccaea caerulescens was tolerant to Pb but sensitive to Cu. The presence of Pb did not affect plant 
growth, or Zn accumulation under condition of extended exposure, and exposure to Pb in 
combination with Zn appeared to have less impact on plant growth than did Zn alone. Cu alone or 
Cu plus Pb supplied in combination with Zn in solution reduced the accumulation of Zn in the plant 
shoots by 50 - 60 %. In the case of older plants, the accumulation of Zn decreased in shoots, but 
increased in roots when the duration of Zn exposure was prolonged. This result was probably due to 
the decrease in Zn translocation from roots to shoots. High Zn accumulation and Pb tolerance were 
more prominent in the younger plants. Pb tolerance in N. caerulescens can be a practical advantage 
for Zn phytoremediation at sites contaminated with both Zn and Pb. For exploiting the potential 
value of N. caerulescens as a phytoextraction and remediation option for Zn-enriched or 
contaminated substrates, it would seem that the species suitability for purpose will be maintained 
where there is a concomitant presence of elevated Pb, but less so if Cu contamination levels are also 
high. 
Zinc, Cu and Pb supplied separately or in combination had a strong effect on the concentration of 
other nutrients in N. caerulescens. Concentrations of Ca, Mg, P, S and K generally increased in the 
roots, but decreased in the shoots with the same treatment when the duration of heavy metal 
exposure was prolonged. Calcium, Mg, S and Fe in the shoots in the Zn alone and Zn + Pb 
treatment were reduced by 50% compared to the Zn + Cu and Zn + Pb + Cu treatments. This trend 
was reversed in the roots, except for Ca. Observations of low Ca, Mg, S and Fe concentrations in 
shoots with high Zn accumulation indicated that a higher uptake of Zn reduced the uptake of Ca, 
Mg, S and Fe into the shoots of N. caerulescens. The relationship between the total and insoluble 
concentrations of both Zn and P in shoots of N. caerulescens indicated that a Zn detoxification 
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mechanism in shoots by the formation of an insoluble salt of Zn and P (Zn-phosphate/Zn-phytate) 
was possible, but not common.  
The distribution and composition of Zn and Zn-containing compounds and other elements in plant 
tissues was successfully determined by SEM. The SEM results using the freeze drying technique 
showed that Zn-rich crystals appeared in the roots and leaves of N. caerulescens after long-term 
exposure to Zn and Zn + Pb (up to 12 weeks). The crystals also occurred in the roots of the non-
hyperaccumulator T. arvense after three weeks of Zn exposure. A significant amount of P was 
detected in the Zn-rich crystals in the roots, but the amount of P was not significant in the crystals 
formed in the leaves. Copper and Pb were not be detected in the Zn-rich crystals. In contrast, there 
were no Zn-rich crystals in leaves of any treatments from the SEM result obtained by the cryo-
fixation technique. SEM analysis revealed that Zn accumulated mainly inside the leaf epidermal 
cells, and preferentially in the vacuoles and walls of those cells.  
Selective fluorescent probes in combination with confocal laser scanning microscopy proved a 
useful tool for elucidating cellular and tissue-level distribution of Zn2+ in living plant cells at high 
resolution. Fluorescence probes revealed that Zn2+ was located primarily in the leaf epidermal cells, 
and commonly bound to the cell wall in both epidermal and mesophyll cells. The green 
fluorescence of Zn ions dominated some leaf epidermal cells, but the Zn fluorescence was not 
specific to any particular cell type in roots. Quantitatively, Zn ions were highest in the leaf 
epidermis at a concentration of 0.282 M (2.5 times higher than total Zn in fresh leaves) and ranged 
from 0.0561 to 0.282 M in the root epidermis. This is the first time that the quantification of Zn in 
the living cells by fluorescence probes has been reported in N. caerulescens. Fluorescence probes 
did not detect any Zn-rich crystals in epidermal cells. The distribution of Zn2+ in the cell organelles 
was not visualized clearly by the fluorescent probes used in this study. 
6.2. Recommendations  
For future research on phytoextraction of Zn by Noccaea caerulescens, the following 
recommendations are made: 
(1) For plant growth: N. caerulescens prefers growing in regions with low temperature and cold 
winter (NatureGate, 2015). Therefore, the growth of N. caerulescens in regions having warm 
weather such as can occur in Queensland, Australia, requires a temperature-control environment. 
The current study was conducted in a temperature-controlled glasshouse (22 ± 3°C) with natural 
light rather than in a controlled-environment cabinet with a fixed and controllable photon flux 
density. As a result, plant growth was slower and more variable than would have been the case under 
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better controlled conditions. To overcome these problems in future, it is recommended to select uniform 
seedlings before implementing experiments. Another lesson learned from this study was that the plant 
shoot biomass was reduced after flowering. Therefore, it is suggested to harvest the plant before the 
flowering season to avoid reducing plant shoot biomass and the potential influence this could have 
on Zn phytoextraction efficiency. 
(2) For distribution of metals in living cells: Laser confocal scanning microscope and fluorescence 
probes are the potential techniques for detecting Zn2+ and other metal ions at the tissue and cellular 
level. However, detecting Zn ion with this technique within cell organelles should be further 
examined, particularly at the protoplast. Further work is required to refine and improve the confocal 
imaging of metal ion quantification, particularly the Zn ion. The duration of exposure and metal 
selective characteristics of fluorescence probes should also be examined on the living plant samples. 
In the current study, the formation of Zn crystals in the plant epidermis was observed by SEM with 
the freeze-drying sample preparation technique. However, different outcomes resulted with SEM 
cryo-fixation and fluorescence probes as Zn crystals could not be seen. Further studies are required 
to validate the hypothesis around the formation of Zn salt crystals as a result of excessive Zn 
accumulation in the cells. 
(3) For root uptake: Root cells are the first interface for the uptake and accumulation of Zn and 
other metals. In the current study, the green fluorescence of Zn2+ was found to saturate some root 
cells. However, the observation was not specific to any particular cell type and remains obscure. 
Therefore, the transient influx of Zn ions and other metals by moving, storing, and transporting 
between cells in the root of the hyperaccumulator N. caerulescens requires further studies. 
(4) Modelling phytoextraction of Zn: Developing a mathematical model of heavy metal 
phytotextraction is neccessary to predict and optimize heavy metal uptake and removal from 
contaminated soils by hyperaccumulating plants. At the moment, a few mathematical models have 
been reported for Zn phytoextraction by N. caerulescens because of the complexity of the soil–
plant–atmosphere continuum.  
By modeling phytoextraction of Zn, factors effect on efficient phytoextraction can be identified, the 
quantitative characteristics of phytoextraction could be understood and the commercialization 
application of Zn phytoextraction can be achieved. Thus, a quantitative model similar to Langmuir 
has been expected to develop for simulating plant growth, estimating Zn accumulation in plant with 
time, optimizing Zn removal and harvesting period, and calculate influence of the presence of other 
heavy metals in the growing environment to Zn uptake.  
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